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ABSTRACT OF THE THESIS 
Fluor enone, dis solved in 96 and 100 % sulphuric acid, 
has been allowed to react with sodium aside and the resultant 
mixtures diluted with both water and anhydrous methanol •
9-Methoxyphenanthridine,the product to be expected from 
nucleophilic attack by the methanol,was not formed and 
phenanthridine was obtained in good yield from all experiments. 
The formation of this compound both under anhydrous 
conditions and in the presence of water shows Smith's mechanism
for the kotonic Schmidt reaction, which involves dehydration 
to a Beckmann-type intermediate and subsequent rehydration, 
to be unlikely. l\n alternative mechanism involving a hydrogen- 
bonded cyclic intermediate is suggested.
The rate of decomposition of 9-azidofluorene in 
anhydrous sulphuric-acetic acid has been followed by the 
measurement of the evolution of nitrogen under constant-pressure 
conditions. Determination of initial rates and times for half 
and seven-tenths reaction showed the decomposition to be 
substantially of the first order both in azide-concentration, 
with values of 1.09, 1.04, and 1.02, and in acid-strength of 
the solution, as given by ( negative antilogarithm of Mammetts 
4cidity Function ), with values 1.03, 1.07, and 1.09 . The 
activation energy of the reaction, measured between 25° and 45° 
was found to be approximately 23.4 kcal./mole.
A mechanism for the acid-catalysed rearrangement of 
9-azidofluorene to phenanthridine is put forward in which 
reaction proceeds via the decomposition and rearrangement of 
the mono-protonated azide (v/hich probably exists largely as the 
ion-pair with bisulphate ion) present in equilibrium with the 
more stable non-protonatod azide. The evidence for simultaneity 
of rearrangement and nitrogen-release is discussed both for the 
above azide and for the diarylazido-methanes and -ethanes which 
have been investigated by McEwen and his co-workers.
The work described in this Thesis was carried out in the 
laboratories of the Chemistry Department, Battersea 
Polytechnic, under the supervision of Dr. C. L. Arcus*
The writer wishes to express his sincere appreciation of 
the help and encouragement received from Dr. C. L. Arcus.
PREFACE.
The subject matter of this Thesis has, for the 
sake of convenience, been divided into three topics, each 
dealt with in a separate part with its own introduction, 
discussion, and experimental. In addition to the intro­
ductions to each topic a general historical introduction 
to the work as a whole is also included.
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HISTORICAL INTRODUCTION
— 1 —
HISTORICAL INTRODUGTION
The Sclimidt and Certain Related Reactions.
Whilst carrying out studies on the reactions of the 
imine radical in 1923, Karl Friedrich Schmidt (1, 2, 3), 
introduced benzophenone into a reaction mixture containing 
hydrazoic and sulphuric acid. A vigorous reaction ensued, 
yielding nitrogen and a quantitative amount of benzanilide, 
this being the first example of the Schmidt reaction. The 
latter class of reactions is now taken to cover the action 
o i equimolar quantities of hydrazoic acid on carbonyl 
compounds in the presence of strong acid*: aldehydes yield
nitriles and formyl derivatives of aminesj ketones form 
amides.
R.CO.R + HHg --- ^ R.CO.NHR + Ng
R.CHO + HNg  H.CO.NHR + R.CN + Ng + HgO
The modified carbonyl group of a carboxylic acid is also 
available for reaction with hydrazoic acid in a Schmidt 
reaction#
R.COOH + ENg — — R. NHg +  COg + Ng
It was in this form that the Schmidt reaction attracted most 
attention as it offers an alternative to the Hofmann or Curtius
-2-
reactlon In the degradation of a carboxylic acid to an amine 
with one less carbon atom. As a one stage process it was a 
superior method.
Analogous to the Schmidt reaction is the formation 
of ketimines by the interaction of hydrazoic acid with certain 
alcohols and olefins in the presence of a strong acid.
R.CHOH.R + HNg --- ^ R.CH = N,R + HgO + Ng
Rg .0 = CHg + HNg  R r- C - CHg +
11
N - R
The large number of compounds which react with 
hydrazoic acid in the presence of a strong acid with the 
introduction of an HH group into the molecule, with or 
without loss of carbondioxide, has given the reaction many 
uses both for preparative synthesis, and as a degradation 
agent for the elucidation of complex structures.
The Mechanism of the Sphmidt and Certain Related React]ons.
The first tentative mechanism for the Schmidt 
reaction was put forward by K. P. Schmidt after his studies 
on the imine radical NH , formed by the acid decomposition 
of hydrazoic acid. On decomposing hydrazoic acid in the 
presence of concentrated sulphuric acid and obtaining 
hydroxylamine, he postulated cleavage of the hydrazoic acid
-3-
to give [NH] v/hich subsequently reacted.
HN3 ------------^  [WH] +  Ng
HgO + [N H ] ------------ »  HHgOH
Attempting to identify this radical by the resultant products, 
he introduced various substances into the reaction media.
In benzene solution at room temperature hydrazine was obtained 
as the main product, together with some hydroxylamine and 
aniline. At a temperature of 60-70° the yield of aniline 
greatly increased. The addition of the more reactive 
carbonyl group gave a vigorous reaction, producing, in the 
case of benzophenone, a quantitative yield of benzanilide, 
and with m-nitrobenzaldehyde 5/6 of the theoretical quantity 
of m-nitrocyanobenzene, and 1/6 of the theoretical quantity 
of m-nitroaniline. These reactions, Schmidt said, were 
caused by the imine radical.
4[HH] --- * 2[ NH = NH] --- » NHg.NHg + Ng
CgHg + [NH]  » CgHg.NHg
The reaction with the carbonyl compounds, he suggested, came 
about through two possible routes. Both involved the 
addition of the imine radical to the carbonyl group, 
followed either by direct rearrangement (3, 4) or by a 
Beckmann rearrangement of the oxime-type intermediate (2).
-4-
OH
RR'C=0 + [n h ] ----> RR'C* or RrC-R'  V  RNH.CO.R
^N= U
N.OH
For the aldehyde R ’ = H, loss of water from the intermediate 
would give the nitrile, and rearrangement the formyl 
derivative of an amine,
Schmidt offered no preference for either of these 
mechanisms, and, as was later shown, they could equally well 
or better be interpreted in terms of the protonated radical 
( 5 ) .
In 1925 the first criticism of Schmidt’s mechanism 
was made by Oliveri-Mandala (6) when he made a comparison 
between the Schmidt reaction supposedly involving [nh] and 
the reaction of the nitroxyl radical [NOH] with aldehydes 
to give hydroxamic acids.
H
R.CHO + [NOH] --- >..R,CONCH
The author concluded that whilst some of the higher temperature 
reactions of hydrazoic acid in the presence of sulphuric acid 
might go by way of [NH] or [NHg"^  , ■ the reactions proceeding 
at lower temperatures, where‘hydrogen azide was stable, must 
go by virtue of attack by the hydrazoic acid molecule. 
Confirming these views, Keller and Smith (7) later showed 
that direct amination of the benzene ring is operative only 
at temperatures where hydrazoic acid is not stable, and
-5-
prooeeds through [ NH] or [NHg"*"] , Those authors also pointed 
out that Schmidt reactions are possible at 0° at which 
temperature hydrazoic acid is stable to acid catalysts.
In accordance with these views Oliveri-Mandala 
postulated the initial addition of the hydrazoic acid 
molecule to the carbonyl group. Loss of nitrogen from the 
resultant azide, and subsequent rearrangement gave the final 
product•
R R OH R OH
\ \ / \ /
,C=0 + HH„ --- ^ C  > C + N„o /V / \ ^/  ^ / \ / \
R R Ng R N:
 ^ R _ C = N - R ----> R.CO.NHR
OH
This mechanism did not lend itself to an interpretation 
involving an oxime-like intermediate.
Work was carried out in 1937 by S'pielman and 
Austin (8) on the Schmidt reaction with the diketone benzil, 
and its derivatives. They showed that the reaction took 
place readily under conditions where the corresponding oxime 
would not rearrange or react in any way. Working 
independently, Briggs and de Ath (9) similarly showed that 
hydrindone would undergo the Schmidt reaction to give
6—
dlhydrocarbostyril under conditions much milder than those 
found necessary hy Kipping (10) to produce a Beckmann 
rearrangement of the corresponding oxime. These experimental 
facts clearly disposed of an oxime as a possible intermediate, 
and showed that the reaction required a more labile structure.
Hurd (11) in 1938 advanced a mechanism for the 
ketonic Schmidt reaction closely resembling that of Oliveri- 
Mandala, where he gave activation of the HH^ by the strongly 
polar sulphuric acid as the initial step. The active 
molecule would then attack the carbonyl* group to form an 
intermediate which loses nitrogen and subsequently rearranges.
A further development of this mechanism was put 
forward in 1943 by Briggs and Lyttleton (12) on the basis of 
rate-studies on the Schmidt reaction with a series of 
substituted benzoic acids. The initial stage of the reaction 
was given as activation, or polarisation, of the carbonyl group 
and hydrazoic acid. Newman and Gildenhorn (13) later pointed 
out that the active form'of hydrazoic acid postulated is 
merely one of the contributing resonance forms, and does not 
depend on a strongly polar environment for its existence.
H - N: = N = N; H - N - N = N; H - N = N - N
*# # # ## • • • • • ♦
-7-
The mechanism suggested was;
R R
Ï I
Rt - c + N = N = N ---- >  R ’ - C+ + N - N = N
ir i  ^ I
O H  0- H
R' R'
) + _ ) +
- ^ R - C - N - N  = N ----- >  R - C - H - H  + Np
—  I I f : "
O H  0
------> R - C - NHR’
II
0
The active molecules combine to give the addition complex 
which loses nitrogen, and the residue undergoes transformation 
to give the amide. The rearrangement was considered to be 
analogous to the pinacol-pinacolone and allied rearrangements. 
With a carboxylic acid, where R = OH, a carbamic acid was 
produced which spontaneously loses carbondioxide to give a 
primary amine•
The mechanisms of Hurd and Briggs and Lyttleton, are 
essentially the same as those generally accepted today, the 
main point of difference being that their concept of 
activation of the organic molecule has been replaced by one of 
carbonium ion formation, Sanford, Blair, Arroya and Sherk (14) 
first suggested in 1941 that a hydroxy-carbonium ion was a 
possible intermediate in the Schmidt reaction. The proposal
was based on a comparison with other reactions of the carbonyl 
group, such as semicarbazone and oxime formation, in acid 
solution, which proceed by formation of a hydroxy-carbonium 
ion followed by attack from the basic reagent (15 and 16).
At the same time they postulated hydroxylamine-o-sulphonic 
acid as an intermediate in the Schmidt reaction. Specht, 
Browne and Sherk (5) had already shown that hydroxylamine-o- 
sulphonic acid was formed with hydrazoic and fuming sulphuric 
acids, and assumed that [ NHg**] or [ NH] played a part. Keller 
and Spith (7) illustrated the direct amination of aromatic 
nuclei by both hydrazoic acid and hydroxylamine-o-sulphonic 
acid, both of which were thought to proceed through [NH] or 
[NHg"]. However, Sanford had also shown that with 
hydrazoic acid certain carbonyl compounds formed amides, 
whereas with hydroxylamine-o-sulphonic acid oxime formation 
took place. The latter acid could thus not be an intermediate 
in the Schmidt reaction.
Kenyon £t (17, 18) showed that the Schmidt 
reaction with (+)-u-phenylpropionic acid and the Curtius 
reaction with its azide both proceed with a high retention of 
asymmetry, and it was concluded that intramolecular 
rearrangement takes place. By analogy it is generally 
assumed that alü Schmidt rearrangements are in fact 
intramolecular.
-9-
The formation of hydroxy-carbonium or oxo-carbonium 
ions as primary intermediates in the Schmidt reaction v/as 
later proposed by Newman and Gildenhorn (13) who in 1948 
advanced a mechanism for the Schmidt reaction of aldehydes 
and ketones based mainly on the carbonium ion suggestion of 
Sherk ^  al. Ionization of the carbonyl group occurs by the 
addition of a oroton to the oxygen atom at the end of a 
permanent C-0 dipole (20a,).
R„C = 0 +  >  -  OH
Thus they wrote for the reaction;
OH OH
î_^ - + ) +
R' - C + ;N - IM = N  R ’ - C r- p - N = N
4 1 f t
R H R H
R ’ - C"^  - N - R + %  ----- ^  R» .CO.NHR + h "*
I I
OH H
The authors pointed out that if this mechanism is correct it 
will follow that in an unsyrametrical ketone the migratory 
aptitudes of the various groups should show some similarity 
to those in the pinacol rearrangement.
Following experiments on the ionisation of carboxylic 
acids, Newman and Gildenhorn also suggested a similar mechanism
CE
HOOC COOH
CE
- 1 0 -
fo3? these compounds. Certain anomalies in the estér­
ification of hindered carboxyl groups were found to be 
paralleled in the Schmidt reaction.
V/hen 2 î6-dimethylterephthalic acid 
underwent the Schmidt reaction only the 
hindered carboxyl group reacted, and the 
same specificity was also noted on estérification by pouring 
the sulphuric acid solution into alcohol (13), Mesitoic 
acid underwent the Schmidt reaction smoothly at 0^, and could 
be esterified as above. On the other hand benzoic acid 
would only undergo the Schmidt reaction above 40°, and 
estérification did not occur on quenching a sulphuric acid 
solution in alcohol (20), Physical measurements confirmed 
the existence of two possible types of ionisation for 
carboxylic acids. In general, carboxylic acids, such as 
benzoic, have a van't Eoff ”i” factor of two in sulphuric acid, 
and ionisation is written as :
R.COOH + .HgSO^  ------> R.C*(0H)2 + HSO^~
V/hereas, with mesitoic acid Treffors and Hammett (21) 
obtained an ”i” factor of nearly four, and postulated:
(C H g )^  .CgHg .COOH + SHgSO^ -------»  (CHg )g .C gH g .C O  + HgO'*' +  2H S0^”
This was confirmed by Newman and Deno (22) for certain other 
acids,
-11-
Newman and coworkers (23) had earlier shown that the 
method of estérification described for a hindered carboxyl 
group went through an oxo-carbonium ion. Similarly, he 
concluded that only oxo-carbonium ions underwent the Schmidt 
reaction with ease, and suggested the following mechanism 
for the reaction between the carbonium ions and hydrazoic 
acid (14).
R.ÎO + ;N - ^ = N ------>  R - C ~ N H - È  = N
H d
+ 4- +HoO +
 ^ [R - c - nh] -----> [o = C “ NHR] ^  R.NHrz + COg
II . 3 ^
0
The higher temperature required by benzoic and like acids 
was considered to be probably due to the necessity for 
dehydration of the dihydroxy-carbonium ion in a second type 
of ionisation:
R.COOH + H'*'------> R.C+(OH)g + h "^  > R.CO + ,
but possibly due to the more difficult reaction between the 
dihydroxy ion and hydrazoic acid.
Further evidence for the mechanism was afforded by 
their discovery that the decomposition of acyl azides in the 
Curtius reaction is acid-catalysed. By analogy it is
—12 —
considered that the mechanism of the Curtius and Schmidt 
reactions would proceed along similar paths, and only, the 
protonated azide R-C0—NH— =N, but not R—C(OH)g—HH"-N"*"=N, which, 
for the Curtius reaction, requires the presence and addition 
of water, could be reasonably postulated as an intermediate in 
both reactions,
McEv/an and his co-workers have helped in the 
elucidation of the general characteristics of the acid-catalysed 
action of hydrazoic acid by their studies of the reaction with 
olefinic compounds, hcEwan and Gilliland and Sparr (24) have 
shown that 1:1-diphenylethylene gives aniline and acetophenone, 
The mechanism given for this reaction is very similar to that 
of Newman and Gildenhorn for ketones,
Ph Ph - GH_
\ + \  + HK-HSN j
,C = CHo + H --- ^  C - CH,  >  Ph C - ITH - H S H
/ / ^ 1 
Ph Ph Ph
CH,
..>  Ph - C - NHPh + Ilg ---=— > Ph.CO.CHg + PhllHg'*'
+
With unsymmetrical olefins there will result a mixture of 
products depending on the relative rates of migration of the 
Ar and Ar' groups to the nitrogen,
Ar* Ar'.CO.CHg Ar.CO.CHg
C = CHg -------------+ and +
/ + +
Ar Ar,NHg Ar’,NH^
-13-
McEwan and Mehta (25) continued this work with 
compounds where Ar is phenyl and Ar’ is m- or substituted 
phenyl, and wore the first workers to apply Hammett’s sigma 
values for the electronic character of the substituents in 
the migrant group to the rearrangement of azides.
Hammett (19b) has found that the effect of a 
substituent in the meta or para position in a benzene ring,
upon either the rate or equilibrium of a reaction in which
the reacting group is in a side chain attached to the ring, 
may be expressed by the following expression:
log k/k^ ~ 6  p
where k is the rate constant or the equilibrium constant of 
the reaction with the substituted compound,
k is the same for the unsubstituted compound,
^  is a constant for the substituent,
and p  is a constant for the reaction.
It is found that the relationship does not hold for ortho 
substituted benzene derivatives or for aliphatic compounds. 
In these cases, Hammett believes that there are considerable 
changes in kinetic energy of rotation and vibration in 
addition to changes in potential energy due to the inter­
action of electrostatic charges. In meta and para 
substituted benzene derivatives the remoteness of the 
substituent from the reaction centre and the rigidity of the
— 14:*
ring render changes in kinetic energy small, and one is only 
concerned with the relative changes in potential energy of 
reactants and products.
{5 is a measure of the influence of the substituent 
on the relative change in potential energy for a series of 
reactants, and this is related to the electron-availability, 
influenced by the substituent, at the reaction centre.
Where there is no substituent, ^  = 0. When is positive 
electrons are less available at the reaction centre and vice 
versa.
p  is a measure of the susceptibility of the reaction 
in question to changes in electron density. For purposes of 
comparison an arbitrary standard was adopted. Hammett 
decided to employ an accurately and extensively studied 
reaction, the ionisation equilibrium of substituted benzoic 
acids, as the standard, p  was assigned the value 1, whence 
log k/k^ =(^. If for any reaction log k/k^ is plotted 
against 6^ and a straight line results, it follows that the 
reaction is dependent on the electronic nature of the 
substituent, and the extent of this dependence is Indicated 
by the slope of the line, a steep slope indicating marked 
dependence. A negative value of p indicates that an increase 
in electron-availability at the reaction centre enhances the 
reaction rate. If the points are scattered, the reaction
-15-
In question is not solely dependent on eleotron-availability 
at the reaction centre, and, as is the case with ortho 
substituted benzene derivatives, a steric factor may be 
involved•
For the rearrangements mentioned above, namely the 
reactions of m- and jg-substituted-diarylethylenes, it is 
apparent that log k/k^ is the same as the logarithm of the 
ratio in which the products are formed. In the first case, 
McEwan and Mehta (25) plotted the logarithm of the product 
ratio acetophenone:substituted acetophenone against the value 
for the appropriate substituent and found:
, log (product ratio) = -2.11^4* 0.293.
Similar results have been obtained in a study of 
the acid-catalysed decomposition of diarylazidomethanes (26) 
and of 1:1 diarylazidoethanes (27).
These authors also applied the Hammett equation to
experimental results obtained by Briggs and Lyttleton (12)
for the Schmidt reaction of several substituted benzoic acids,
taking the time for half of the theoretical nitrogen to be
evolved to be proportional to k. It was found that there was
a linear relationship between log t ^/(t ) and Ô  , the
0 » o 0. o o
slope of the line being -1.97,
From the close agreement of the above findings it 
was deduced that for the reactions of carboxylic acids and
-16-
oleflns: (1) the rates of migration were almost entirely
dependent on the electron density at the point of attachment 
of the migrating group, and (11) the rate-controlling step 
was the migration of the aryl group with the simultaneous loss 
of a molecule of nitrogen.
Arcus and Mesley (28) proposed a mechanism for the 
reaction of hydrazoic acid with di- and tri-arylmethanols in 
the presence of sulphuric acid. The mechanism was based on 
carbonium ion formation, and involved formation of an inter­
mediate protonated azlde which underwent an intra-molecular 
rearrangement to form an azomethine, with simultaneous loss 
of nitrogen. The rearrangement was further studied by Arcus 
and Coombs (29) with special reference to 2- and 3-substituted 
fluoren-9-ols.
H OH
Y
HIT.
B A
Y
H
\
X
+ 2HS0
-17-
The unsymmetrlcal fluoren-9-ol was found to yield two isomeric 
phenanthridines, the proportions being dependent upon the rate 
of migration of the two rings, . It was considered (30) that 
in the rearrangement of the protonated azlde the rate of 
migration of ring A was dependent on the electron-availability 
at the point of attachment to and that a measure of this
availability was given by the pK of the corresponding 4- or 
5-substituted“diphenyl-2-carboxylic acid (XVIl); similarly 
for ring B, a measure of the electron-availability at 
was given by the pK of the corresponding 3*- or 4*-substituted- 
diphenyl-2-carboxylic acid (XVIII).
COOH
(XVII)
X
Y Y
(XVIII)
The Hammett relationship was applied to the above system, and 
the following equation was deduced:
log {% of product from migration of A) = r( pK - pK ) 
 1_______________ I___________  XVII XVIII
(^ of product from migration of B)
It was found that there was a linear relationship 
between the logarithms of the product ratios and the differ­
ences between the pK»s of the substituted diphenyl-2-carboxylic
—18—
acids, the slope of the line being -2,817. The relationship 
was considered to show a simple correlation between the 
migratory aptitude of a group and its capacity for electron 
release at the migration origin in the reaction of fluoren-9-ols 
with hydrazoic acid in the presence of sulphuric acid.
The work of McEwan, Briggs, Arcus and their co-workers 
has resulted in the formulation of simple rules predicting the 
probable ratio of isomers formed in the acid-catalysed reactions 
of hydrazoic acid on carboxylic acids, olefins and alcohols, 
and has also shown the close relationship between the mechanisms 
of these reactions. The reactions take place via a carbonium 
ion, which reacts to give a protonated azide of comparable form 
in each case, and this body undergoes an intramolecular 
rearrangement, having electronic properties analogous to the 
pinacol-pinacolone transformation, with simultaneous loss of 
nitrogen,
P, A, S, Smith (31) formulated an alternative route 
to that of Newman for the reaction with ketones. Smith 
concluded from the available data (31, 32, 33) that, in the 
Schmidt reaction with an unsymmetrical ketone, the group which 
has the larger bulk in the immediate neighbourhood of the 
keto-oarbon atom usually migrates preferentially, and that 
electronic effects were of little account in deciding 
migrâtional aptitude. He proposed the following mechanism
which accommodated these facts:
—19—
OH
h  -R' - C + ;H - N S N
I I
R H
OH
f
R' - C - 
\
R
ira - N s H
(I)
R - C - R' + HoO 
II 4. 2
N - N 5 H
(II)
II
R - N
C'*' - R'
+ ÎL
(III)
HgO HO - C - R'
i
R - NH 
(IV)
HgO +
— — R' .00.HER + H O
The protonated azide (I) loses water to g±ve an oxlme-llke 
Intermediate (II), which then undergoes a rearrangement 
analogous to the Beckmann rearrangement; (II) may be formed 
in either of two isomerio configurations, whence it is possible 
for the isomer having the larger group anti to the -N g group 
to be formed preferentiallyj rearrangement of this form leads 
to migration of the larger group. Hydration of the product 
from the last stage yields the protonated amide (IV),
The evidence upon which Smith based his views came 
from the results of Schmidt reactions of two types of 
substituted ketones. Smith e;b £l, (32, 33) for a series of 
and pp'-substituted benzophenones, showed that the 
migratory aptitude of the rings was about the same despite
- 2 0 -
substltutlon by groups with very different electronic 
properties. The aryl groups of these ketones have essentially 
the same bulk in the neighbourhood of the carbonyl group and 
are, from a steri.C; point of view, practically equivalent.
Smith and Howitz (33) found for a series of alkyl phenyl '' 
ketones, that the relative extent of migration of the alkyl 
group increases in bulk in the order of Me:Et;Pr ;Bu [the 
course of the reaction with tert-butyl ketones was, however, 
complex (34)] ,
Later work also appeared to confirm preferential 
migration of the bulkier group. Schlechter and Kirk (35), 
with a series of 2-alkyl-substituted cyclepentanone3 and 
cyelohezapone3, a’ so with 2-cyanocyclohexanone, found that 
the substituted carbon atom migrates preferentially, whether 
the substituent be electron releasing or withdrawing. Fusco 
and Rossi (36) found that in a series of ketones GgH^.CO.CHgX 
where X represents the electron attracting substituents 
CN, CO.NHg, NOg, SO^Ph, the phenyl ring always migrates to the 
preponderating extent.
However, an examination of the results obtained 
with the Schmidt reaction on ketones shows that there are 
numerous exceptions to the rule that the bulkier group in 
the vicinity of the carbonyl group will migrate to the 
greatest extent. In methyl-a-methylstyryl ketone the larger
- 2 1 -
group migrates preferentially, but in methylstyryl ketone the 
smaller (33). The reaction of a number of ketones Ar.CO.Ph, 
in which Ar is an ortho-substituted aryl group or an analogous 
polycyclic group has been examined. With the following the 
larger group migrates preferentially; 2-nitro, 2-phenyl-,
2 :4:6-trimethyl-ben2ophenone (37); 3-benzoyl 
2 :5-dimethylthiophen (38). With the following the smaller 
group migrates preferentially; 2-methyl-, 2-chloro, 2-bromo- 
benzophenone (37); 1-benzoylnaphthalene (38); 
1-benzoylphenanthrene (u9). The reaction of o-aroyl-benzoic 
acids has been shown to proceed via a cyclic cation the 
formation of which involves the intervention of the carboxyl 
group (40, 41), whence these compounds cannot be regarded as 
simple 2-substituted benzophenones.
The results cited above do not allow simple rules 
for the prediction of migratory aptitudes in the Schmidt 
reaction on ketones; bulk in the vicinity of the carbonyl 
group may be a factor, but the two instances for which this 
is most apparent, the reactions of the above alkyl phenyl 
ketones and w  -substituted acetophenones, are such that the 
migratory aptitude of the alkyl groups could be regarded as 
being promoted by inductive electron-release and inhibited 
by inductive electron-withdrawal.
Arcus Œt aJ, (30), continuing their work on the
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acid-catalys6d reactions of hydrazoic acid with fluorene 
derivatives, investigated a series of mono-suhstituted 
fluorenones. The migration ratios found for the resultant 
isomerio phenanthridones differed widely from those obtained 
with similarly substituted fluoren-9-ols. No simple 
correlation could be found between the electronic character, 
or bulk of a phenylene ring in the fluorenones, and its 
migratory aptitude, as was obtained with fluoren-9-ols•
The results were taken to confirm the evidence already 
quoted that the correlation between capacity for electron 
release and migratory aptitude does not apply to groups 
adjacent to a carbonyl group. However, it is equally true 
to say that the operation of a bulk factor, as postulated by 
Smith for his Beckmann type rearrangement, was not consistently 
borne out by experiment. It would be expected, by analogy, 
that any mechanism postulated for the acid-catalysed reaction 
of hydrazoic acid on ketones would be very similar to those 
found true for the alcohols, olefins, and carboxylic acids 
quoted. The mechanism of Smith did not follow this pattern 
when he postulated an oxime-like intermediate, because: (a) the 
necessary components for dehydration to an oxime-type structure 
are not available with alcohols and olefins; (b) the pinacol- 
pinacolone type of dependence on electron-release of the 
migrating group in the reactions of alcohols, olefins and
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carboxylic acids seems to preclude any relation between these 
systems and the Beckmann type of rearrangement.
Further, the dehydration and hydration of inter­
mediates as required by Smith, was considered unlikely. This 
aspect of the mechanism has been investigated experimentally, 
and the results are discussed in Part 1 of the present thesis, 
where an alternative mechanism for the Schmidt reaction on 
ketones is put forward.
PART I
HYDRATION IK THE KETONIO SCHMIDT REACTION
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INTRODUCTION 
Hydration In the Ketonlc Schmidt Reaction,
Smith (31) concluded from available data that in the 
Schmidt reaction with an unsyrnmetrical ketone, the group which 
has the larger bulk in the neighbourhood of the keto-carbon 
atom usually migrates preferentially, and he proposed the 
following* to accommodate this finding;
+ UN, 1 -HpO
RR'.CO  »  RR'C.OH — ^  R - C - R' — R - C - R'
I + It +
(I) HN - K 5 H (II) N - N 5 K
+ +
R.HH.CO.R’ + H , 0 ---> HO - C - R' C - R'
 ^ I) + N,
R - NH . R - H 3
, i».OH
MeO - C - R'
II +
R - N (V)
The protonated azide (I) loses water to give an oxime-like 
structure (II), which then undergoes a rearrangement analogous 
to the Beckmann rearrangement. Hydration of the product from 
the last stage yields the protonated amide (IV).
Smith does not state explicitly at what point the 
cation (III) takes up a molecule of water. The acid reagent 
commonly used in the Schmidt reaction is concentrated sulphuric
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acid, which may effect the dehydration of (l) to (ll), but is 
unlikely to liberate water to convert (ill) into (IV), whence 
it is concluded that this last step was thought to occur when 
the sulphuric acid solution is diluted with water at the end 
of the reaction. This circumstance offers a means of testing 
the validity of the mechanism, for replacement of water by 
methanol as nucleophilic diluent would be expected to lead to 
the formation of the methoxy-compound (V).
A test of this description has been carried out by 
Arcus ot aJ, (30), with the ketone 2-nitrofxuorenone. Part 
of the sulphuric acid solution from the Schmidt reaction was 
poured into dry methanol and part into ice and water, each 
gave a mixture of 2- and 7-nitrophenanthridone,
Object of the Work.
The mechanism for the ketonic Schmidt reaction as 
put forward by Smith, is, despite its obvious drawbacks, the 
one now generally accepted. The purpose of these experiments 
was to investigate the result of carrying out a ketonic Schmidt 
reaction under rigorously anhydrous conditions, and by so 
doing proving or disproving Smith’s mechanism. Depending on 
the result of these experiments a new mechanism would be put 
forward•
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DESCRIFTIQN OF THE WORK
Fluorenone was selected as the ketone because it 
yields a single, very stable product,, phenanthridone and an 
isomeric mixture does not arise.
From the Schmidt reaction with fluorenone, previously 
prepared by oxidation of the hydrocarbon, phenanthridone was 
obtained in good yield (86.5^). For the purpose of test, the 
same reaction under anhydrous conditions using absolute 
methanol to quench the sulphuric acid solution should yield 
9-methoxyphenanthridine (v) if nucleophilic attack by the 
quenching agent takes place. It was originally intended to 
employ sulphuric acid containing sufficient free sulphur 
trioxide to combine with the water supposed to be eliminated 
as in (l) to (ll), but this reagent sulphonates fluorenone 
completely. Reaction was therefore effected in 100^ sulphuric 
acid; fluorenone dissolved in this acid, but, on dilution of 
the solution with water, 99.5^ was recovered. The possibility 
that (ill) would remove any of the water (1 mole per mole of 
fluorenone), which would be liberated during the reaction were 
the mechanism (I to IV) correct, from 100^ sulphuric acid 
(22.4 mole per mole of fluorenone) is considered remote. The 
sulphuric acid (100^) solution from the Schmidt reaction was 
added to cold dry methanol; a single product, phenanthridone, 
was precipitated, and a pure specimen obtained by recrystallis-
V  \
-27- .
at ion from the non-hydroxylic solvent toluene.
There appears to be no probable mechanism whereby 
9-methoxyphenanthridine, if it were formed during the above 
procedure, could be converted into phenanthridone. However, 
this compound has been prepared from phenanthridone via 
reaction with phosphorus oxychloride to 9-chlorophenanthridine 
and subsequent interaction of this compound with methanolic 
sodium methoxide. A solution of 9-methoxyphenanthridine in 
methanolic sulphuric acid containing one mole of water 
relative to the methoxy-compound gave no precipitate, and 94^ 
of the 9-methoxyphenanthridine was recovered. The methoxy- 
compound was thus shown to be stable to the conditions of its 
possible formation.
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DISCïïSSION
The results show quite clearly that the employment 
of completely anhydrous conditions, and the use of absolute 
methanol as a quenching agent has no effect on the products of 
the Schmidt reaction with fluorenone.
It is concluded that re-hydration of (III), and hence 
dehydration of (I) to form an oxime-like intermediate does not 
take place during the Schmidt reaction. Together with the 
evidence outlined in the Introduction (pp. 20-21) these results 
are taken as conclusive proof that the ketonic Schmidt reaction 
.^ e^s not proceed through an oxime-like intermediate, and thus 
Smith’s mechanism is incorrect.
An alternative mechanism, very similar to that of 
Newman and Gildenhorn, which is more in keeping with the general 
acid-catalysed reactions of hydrazoic acid is as follows ;
H
OH
+     i ± _
RR’C = 0 --- >  RR’C - OH 4- ;N - N 5 N  > R - C ~ N H - N  = N
^ (I)
OH
1
 = Sh + No  %  R.CO.NHR' +
I 1
R R' (VI)
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The reaction proceeds via carbonium ion formation in a strong 
acid solution to the formation of an intermediate protonated 
azide (I). This undergoes an intra-molecular rearrangement 
with simultaneous loss of nitrogen to form intermediate (VI), 
the free base being obtained on dilution with water.
This mechanism, whilst fitting the ketonic Schmidt 
reaction into the general pattern for the acid catalysed 
reactions of hydrazoic acid, does not explain the partial 
dependence on both the bulk and electronic properties of the 
migratory group in this reaction.
An inspection of the model of the protonated azide (l) 
reveals that the hydrogen atom bonded to the nitrogen closely 
approaches the oxygen atom of the -OH group when the 
-NH-&=N group is pointing toward either of the groups R or R'.
It is thus considered possible that the geometric factor 
observed with ketones arises, not out of dehydration to give 
a rigid doubly-bonded structure, but within the protonated 
azide ,itself owing to hydrogen bonding between these hydrogen 
and oxygen atoms. If the four-membered ring formed as a 
transient intermediate is sufficiently rigid to hinder to 
some degree the free rotation of the -N=N group about the 
Cg-N bond, then with the ring nitrogen possessing a pyramidal 
configuration, two geometric isomers, spatially represented in 
(VII) and (VIIl), are possible for the protonated azide.
—30*”
H ■ H.
y  ''H > ' "  ''
/ X  ✓  /R XN% R ’ \ N
I I
N+ N+
ll tl
N (VII) N (VIII)
The structures which contribute to the N-H-0 hydrogen bonding 
are shown in (IX) and (X).
I / I
RR'C H ---— ^ RR'C H
N N-
( 1
N+ 11+
III il
N (IX) K (X)
Both the geometric isomers possess an optical isomer 
as neither has a plane or symmetry, and each is representative 
of a racemic mixture. However, this is not relevant to the 
mechanism,
A similar type of hydrogen-bonded protonated azlde 
intermediate was postulated by Boyer, Canter, Hamer, and 
Putney (42). These authors found that in combination with 
m- or £-nitrobenzaldehyde, propylene or trimethylene
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azldohydrlns afforded good yields of oxazollnes and 
dihydrooxazines, respectively. Neither oxazollnes nor amides, 
however, resulted from acid-catalysed reactions of cyclohexene 
azidohydrin, oC-az id o-oC-phenyl ethanol, oC-azido-,oQ.phenylaoetic 
acid, l-azido-2-bromoethane or l-azido-2-aminoethane, To 
explain the unique ability of the former azidohydrins to 
combine with the benzaldehyde the authors said that the azide 
intermediate was stabilised through intramolecular hydrogen 
bonding. This was said to retard nitrogen elimination from
H - 0 ^  N - N
the protonated azide and hence increase the opportunity for 
reaction with the conjugate acid of the aldehyde.
The occurrence of the N—H—0 hydrogen bond is a well 
proven fact, indeed, though not so named at the time, the 
earliest examples of the hydrogen bond were of this tyre : 
in certain £-hydroxyazo-compounds (43) and aliphatic amines 
(44). Much later its presence was inferred from molecular- 
weight studies of oximes (45), amides and sulphonqmides (46), 
oC-piperidone (47), o-substituted anilides (48), o-substituted 
phenols (49), X-Ray studies have indicated the N — H — 0 
bond in acetamide (50), urea (51), amino-acids (52, 53),
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diketonepiperazine (54), polypeptides (55), and it has also 
been shown to be a fundamental link structure of proteins (56), 
Some of the examples quoted are intramolecular 
hydrogen bonded ring structures e.g. o-hydroxyazo-compounds
Ar.N
and o-substituted anilides,
CO.CH.o
■ N-
(
0
although in general they are six- and not four-membered rings 
as postulated for the azide. No previous examples of a four- 
membered N—H—0 hydrogen-bonded ring compound has been reported, 
but they are thought to exist for other types of hydrogen bond. 
Intramolecular hydrogen bond formation is said to occur in 
carboxyl groups (57).
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X
0^
C' H
Such bonding, although weak on account of the long 0 H
distance, is sufficient to partially inhibit the free rotation 
of the hydroxyl group. Quadrupole formation is also thought 
to take place in dilute solutions of alcohols (57);
R — 0 ——— H 
{ 1 
H ——— 0 — R
In the protonated azide structure the N and 0 atoms are 
capable of coming within suitable distance for hydrogen 
bonding, and as there seems to be no evidence that any 
directional tendencies of the bond are such as to preclude the 
possibility of the four membered ring having some degree of 
stability, this structure is considered a possible one.
No examples were found where cis-trans isomerism was 
directly caused by the formation of a hydrogen-bonded ring 
compound. However, a somewhat similar state of affairs to 
that of the azide intermediate exists Y/ith o-substituted 
phenols, where owing to the partial double-bond character of 
the 0-nuclear bond as a result of resonance with certain 
dipolar forms a somewhat transient geometrical isomerism 
exists (58) e.g.
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/ O
Cl
The hydrogen bonding stabilises the CIS form and hence causes 
a large CIS-TRANS ratio of about lO/l. Thus in this compound 
the hydrogen bond in a five-membered ring was sufficiently
stable to hinder the normal rotation of the 0 - H group to a
certain degree and hence to stabilise the CIS forms. There 
are also many cases in tru.e CIS-TRANS isomerism where the CIS 
form is stabilised by the hydrogen bonding (57) e.g. the oximes 
of o-hydroxybenzoylphenol.
In conclusion, it appears that the picture of the
protonated azide as existing as a hydrogen-bonded four-membered
ring is quite feasible. In this structure it is possible that
the strength of the hydrogen bond is such as to at least hinder
the free rotation of the azide group about the Cg-N bond, and
thus to give rise to geometrical isomerism,
+
The group trans to the -Ng fragment is considered 
to migrate when the nitrogen separates, the new bond being 
formed at the side of the nitrogen atom opposite to that from 
which nitrogen is departing. Thus (VI) and (VII) are expected 
to yield R.CO.NIiR* and R ’ .CO.NHR respectively; steric
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considerations as to the stability of the two forms apply in 
the same way as they do to Smith’s oxime-like structures (p. 18), 
Thus it can be seen that the suggestion of a geometrical effect 
related to rigidity conferred by hydrogen bonding within the 
protonated azide provides a qualitative explanation of Smith’s, 
and Schlechter and Kirk’s observations on the Schmidt reaction 
with unsyrnmetrical ketones (p. 19).
The anomalous results obtained with some groups may 
possibly be attributed to polar forces affecting the con­
figuration of the azide unit relative to the groups R and R ’.
In the case of the 2- and 3-nitrofluorenones, if a simple 
geometric effect was the only one operative, one would expect 
an equal amount of the isomers 2- and 7- and of 3- and 6- 
nitrophenanthridones as obtained with 2-methoxyfluorenone, 
however, this is not so and widely differing product ratios 
were obtained (30). It is noteworthy that the electrostatic 
field set up by a nitro group is many times greater in 
intensity than that of a methoxy group. Perhaps, therefore, 
the electrostatic field due to the nitro groups acts in such
a way as to preferentially stabilise the hydrogen-bonded form
+
of the protonated azide in which the -N^ group is directed 
away from the substituted ring. The precise details of any 
such polar effect by substituting groups on the configuration 
of the -Ng group is by no means clear, but may provide some
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explanation of the electronic effects found In the reaction.
Thus it is suggested that the configuration of the 
-NH-Ng unit relative to the groups R and R ’ would be expected 
to depend partly on the polar forces between these structures 
and partly on the bulk of these groups in the neighbourhood of 
the unit•
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EXPERIMENTAL
Fluorenone. [Method of Huntress, Hershberg, and Cliff (59)], 
Fluorene (commercial; m.p. 102-104°; 131 g.) was
placed in a five litre three-necked flask fitted with a dropping 
funnel and a reflux condenser, glacial acetic acid (270 ml.) 
added, and the mixture heated to a gentle boiling. A warm 
solution of sodium dichromate (400 g.) in a mixture of glacial 
acetic acid (550 ml.) and water (130 ml.) was slowly added.
The completed mixture v/as boiled under reflux for a further two 
and a half hours. The dark green liquid was poured into ice 
and water (3 L.) and allowed to stand overnight. A solid 
separated, which was filtered off, washed with dilute sulphuric 
acid, with water, and dried in a vacuum. The crude fluorenone 
(122 g,) was purified by distillation, giving a bright yellow 
solid (116.5 g.), which was dissolved in hot benzene (117 ml.) 
and light petroleum (b.p. 40-60°; 350 ml.) added slowly. On
standing, fluorenone crystallised as bright yellow rods (71 g.; 
m.p. 81.5-83.5°). A portion of the product (53 g.) was 
dissolved in hot benzene (63 ml.), and light petroleum 
(b.p. 40-60°; 120 ml.) added. Fluorenone was obtained as
bright yellow crystals (41 g.; m.p. 83°).
Fluorenone Recovery from Sulphuric Acid Solution.
(a ) Sulphuric Acid (95%).
Fluorenone (2.020 g. ) v/as stirred with ice-cold
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sulphurio acid (95^; 15 ml.) for one hour. The resulting
dark green solution was poured on to ice; the solid which 
separated v/as collected in a sintered glass crucible, washed 
with water, and dried in air at 38°, then in a vacuum to 
constant weight (1,999 g.).
(b) Oleum (9.5^ of free SO5 ).
Fluorenone (2.007 g.) was stirred with ice-cold 
oleum (containing 83.4^ 80^ i.e., 9.5^ of free SO^; 15 ml.) 
and the red solution poured on ice; a clear yellow aqueous 
solution resulted.
(c} Sulphuric Acid (100%).
Sulphuric acid (100%) was prepared by a method
based on Brand’s observations (60). To acid somewhat below
this strength, oleum (20% of free SO^) was added from a ^
burette until a permanent fuming was obtained; sulphuric acid
(95%) v/as similarly added until fuming just ceased. The
titration was carried out in a glass stoppered bottle, the
acid being kept belov/ 10° throughout the titration. After
each addition the bottle was shaken vigorously and allowed to
stand for one minute. To test for fuming, air was gently
blown on to the surface of the acid via a small rubber bellows.
Fuming was viewed from surface level, in sunlight, against a
15 5
black background. The acid so prepared had d. " 1.8393;
15 5 "
Fairlie (61) records d. ' 1.8391 for 100.0% sulphuric acid.
JLD • t)
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Fluorenone (2.042 g.) was stirred with ice-cold 
sulphuric acid (100#; 15 ml.) and from the red solution, by
treatment as previously described, (2.029 g,) was recovered.
The Schmidt Reaction IVith Fluorenone.
In a three necked flask of 150 ml. capacity, fitted 
with a stirrer, a short air condenser, and a closed hopper, a 
solution of fluorenone (4,5 g. ; m.p. 83°) in sulphuric acid 
(95#; 30 ml.) was stirred at 0° during the addition of sodium
aside (3.25 g.) over a period of one and a half hours. After 
stirring for one hour further the green solution was poured on 
to ice (200 g.). A buff solid separated; it was collected, 
washed with water and dried in a vacuum to give the product 
(4.5 g.; m.p. 271-283°). Recrystallisation from glacial 
acetic acid (150 ml.), yielded a light buff solid (3.3 g.; 
m.p. 293-294.5°). Repeated recrystallisation gave 
phenanthridone as a cream solid (1.3 g.; m.p. 294.5-295°).
It was noticed that on dissolving the crude phenanthridone in 
glacial acetic acid a small amount of dark brown solid 
remained insoluble, this v/as collected and found to have a m.p. 
greater than 300°.
The Schmidt Reaction With Fluorenone, Using Methanol Quenching;.
(a ) Sulphuric Acid (95#)
Methanol (700 ml.) was heated under reflux with 
freshly ignited quicklime for four hours and distilled off in
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a dry apparatus. About 50 ml, of this methanol was placed 
in a flask containing magnesium turnings (3 g.) and fitted 
with an efficient reflux condenser, and the reaction was 
initiated by the addition of a crystal of iodine. The 
vigorous reaction was soon complete and to the clear solution 
was added the ruSt of the lime-dried methanol; the whole was 
heated under reflux for one hour. The absolute methanol was 
distilled from the milky liquid in a thoroughly dried all-glass 
apparatus, in which the receiver was a litre three-necked flask 
equipped with a mercury-sealed stirrer and tap funnel.
Meanwhile the reaction between fluorenone (4,5 g.; 
m.p. 83°) was carried out precisely as above, except that the 
reaction flask was protected by a calcium chloride tube on the 
air-condenser. The green solution was added dropwise via the 
tap funnel to the well-stirred methanol, cooled in ice and salt 
freezing mixture. A finely divided product separated; it was 
collected, washed with dry methanol and with light petroleum 
(b.p. 40-60°) and dried in a vacuum over paraffin wax. There 
was obtained a brown solid (3.7 g„; m.p. 286-292°). The 
product was recrystallised from glacial acetic acid (150 ml.) 
yielding phenanthridone as a cream coloured solid (1.55 g .; 
m.p, 293.5-294°; mixed m.p. 293-294°).
(b) Sulphuric Apld (100# ).
Fluorenone (4.5 g.; m.p. 83°) was dissolved in
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sulphurlc acid (100#; 30 ml.), allowed to react with sodium
azide (3.25 g.), and the solution quenched in absolute 
methanol. The procedure used was precisely as described in 
the previous experiment. A brown solid separated from the 
methanol; it was collected, washed with dry methanol and with 
light petroleum (b.p. 40-60°), and dried in a vacuum over 
paraffin wax. The greater part of the product was soluble in 
hot toluene (dried over sodium; 340 ml. of boiling toluene 
dissolve 1.0 g. of phenanthridone) from which it was 
recrystallised. The phenanthridone was subjected to three 
further recrystallisations from toluene.
The experiment was repeated. There was obtained:
Original Product
1st
Recrystallisation
4th
Recrystallisation
wt.g.
(1 )
0m.p* m.p.° mixed m.p.°
0m.p. mixed m.p.°
3.2
(2 )
282.5-290.5 291-293.5 293.5-294 293.5-294 294-294.5
2.8 281.5-287.5 291-292.5 292.5-294.5 293.5-294.5 293.5-294.5
(Mixed m.p.° With a standard specimen of phenanthridone
having m.p. 293.5-294.5°).
The Preparation of 9-Methoxyphenanthridine.
Phenanthridone. [ Method of Walls (62) .]
For the preparation of phenanthridone, the Schmidt 
reaction on fluorenone was carried out, and in similar
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apparatus, but on a larger scale. Into a 500 ml. flask was 
placed fluorenone (45 g.; m.p. 79.5-80.5°) sulphuric acid 
(95%; 300 ml.), and a thermometer was immersed in the mixture.
Sodium azide (32.5 g.) was added over a period of three hours, 
and stirring continued for a further two hours. The temperature 
of the liquid was not allowed to rise above 10° throughout the 
reaction. The green solution was poured on to ice (2 kg.), 
the buff solid which separated after treatment as above, gave 
the product (41 g.; m.p. 280-283°). The experiment was 
repeated and a buff solid (40.5 g.; m.p. 278-284°) obtained.
The two products were bulked and recrystallised from glacial 
acetic acid (1,2 L.) to give phenanthridone as a cream solid 
(75.0 g.; m.p. 291-292°) .
9-Chlorophenanthridine.
Phenanthridone (2,0 g.) and phosphorus oxychloride 
(10 ml.) were boiled under reflux for nine hours. The solution 
was poured into stirred Ice-water; stirring was continued for 
one hour and the solid product collected, dried in a vacuum, 
and extracted with ether (60 ml.). The extract yielded 
9-chlorophenanthridine (1.8 g.; m.p. 115-116°), and m.p. 118.5° 
after repeated recrystallisation from ether Graebe and 
Wander (63) record m.p. 116.5° , Preparations on a larger 
scale gave smaller percentage yields.
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9-Methoxyphenanthrldln0.
Sodium (1,54 g.) was allowed to react with dry 
methanol (61 ml.) and to the cooled solution was added 
9-chlorophenanthridine (13.0 g.); the whole v/as boiled under 
reflux for one hour and poured into ice-water. The solid 
which separated was collected, washed, and dried in a vacuum; 
the greater part of the product dissolved in light petroleum 
(b.p. 60-80°), whence separated 9-methoxyphenanthridine 
(11.0 g.; m.p. 42-48°) which, after further recrystallisations, 
formed needles, m.p. 54.5°.
(Foupd: C, 80.25; H, 5.35; N, 6.6
O H  ON requires C, 80.35; H, 5.3; N, 6.7#).
14 11
9-Methoxyphenanthridine Recovery from a Methanol-Sulphuric Acid 
Mixture Containing One mole of Water Relative to the Former•
A solution of 9-methoxyphenanthridine (5.190 g.) in 
dry methanol (95 ml.) was added to a solution, cooled to -8°, 
prepared from dry methanol (600 ml.), sulphuric acid (100#;
30 ml.), and a 5N solution of water in methanol (50 ml.).
After fifteen minutes, during which time it remained clear, 
the solution was poured into a stirred mixture of sodium 
carbonate (127 g.) and ice (l& kg.). After one hour, water 
was added and the whole was extracted with light petroleum 
(b.p. 40-60°; 3 x 150 ml.). The extract was washed with
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aqueous sodium carbonate, and with water, and dried (sodium 
sulphate), and the solvent distilled. The 9-methoxy- 
phenanthridine so recovered was dried in a vacuum over 
sulphuric acid and paraffin wax to constant weight (4,881 g.); 
it had m.p. 51° and, after three recrystallisations from light 
petroleum (b.p. 60-80°), m.p. 54°, mixed m.p. 54.5°.
PART II
A STUDY OF THE ACID-CATALYSED DECOMPOSITION 
OF 9-AZIDOFLUORENE
•45-
INTRODUCTION
Azide Intermediates in the Acid-Catalysed Reactions of
Hydrazoic Acid,
The mechanisms discussed in the historical intro­
duction (pp. 2-2 2 } have shown that the formation of an azide 
as an intermediate has been generally accepted for the various 
acid-catalysed reactions of hydrazoic acid. In each of the 
cases discussed, attack by the hydrazoic acid on the particular 
carbonium ion involved is said to give a protonated azide, i.e.
carboxylic acids R — C ~ Sh — N,
0
2
R
! +
ketones and aldehydes R — C ~ NH — Ng
OH
R
I +
alcohols R - C - NH - Np
\ ^ 
R
t .
olefins R - 0 - NH - No
I ^
R
The formation, and subsequent rearrangement with loss of 
nitrogen, of the above structures appears to fit in with the
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results found for the migrational aptitudes of various groups 
in these reactions; the ketones, however, being anomalous.
More direct evidence is available for the existence of an azide 
intermediate in the acid-catalysed reactions of HN^ upon 
olefins and alcohols; there are several examples of the actual 
isolation of the azide as a product of the reaction, and also 
instances where the azide has been prepared and its acid- 
catalysed decomposition compared to that of the overall reaction.
The olefin and alcohol reactions with HN are capableÔ
of yielding identical products, examples are quoted below, by 
virtue of the fact that these compounds give the same carbonium 
ions, and hence the same azides. This fact is additional proof 
of the ionic mechanism of the reaction.
The following experiments, unless otherwise stated, 
consist of the action.of hydrazoic acid, or the decomposition 
of an azide, with sulphuric acid as catalyst. In the work of 
Arcus and his co-workers these experiments were carried out in 
a chloroform suspension at 25°,
Arcus and Mesley (28) on reacting triphenylmethanol 
obtained a good yield of azidotriphenylmethane. This azide, 
which is known to be exceptionally stable (64, 65) undergoes 
no appreciable decomposition under the conditions of the 
reaction. On the other hand the related tertiary alcohol, 
9-phenyl-fluoren-9-ol, gave 9-phenylphenanthridine in 94#
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yield (29), indicating the great tendency for ring-expansion 
with 9-azidofluorenes• However, Arcus and Marks (6 6 ) did 
succeed in isolating the azide stage of this reaction by using 
a weaker acid catalyst, trichloroacetic acid. The resultant 
azide, on treatment with sulphuric acid, underwent rearrangement 
to the phenanthridine,
Further experiments on tertiary fluorenols were 
carried out by Arcus and Lucken (67) who reacted three 9-alkyl 
compounds :
9-Et 9-iso-propyl 9-tert-butyl
±
% yield of phenanthridlnes (1) 84 79 66 '
(2) 89 88 61
19 and 21# of 9-azido-9-tert-butylfluorene formed
They found that the yield of phenanthridine Increased with the
capacity of the alkyl groups for the hyperconjugation.
Decomposition of the azide results in the formation of the 
+
R — G = NH double bond (or alternatively in aromatisation of the 
central ring), a process facilitated by conjugation and hyper­
conjugation. This point is further illustrated by the high 
yield obtained for the 9-phenyl-compound. The low yield of 
the 9-tert-butylphenanthridine was ascribed to the relatively 
low rate of decomposition of the azide, where hyperconjugation
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with the alkyl group Is not possible.
9-BenzylflUoren -9~ol and the olefin 
9-benzylidenefluorene were found by Arcus and Coombs (29) to 
each give a comparable yield of 9-benzylphenanthridine. It 
was considered that the same cation, and hence the same azide 
intermediate, was obtained from both compounds:
Ph.CHp OH . Ph.OH . Ph.CH
N  /  H p  I 2 H+ II
/ \
So far only the reactions of the tertiary alcohols 
have been discussed, the following, which are secondary alcohols, 
do not show the same stability in the azide structure. Arcus 
and Mesley (28), did however, obtain in one experiment a small 
yield of 9-azidofluorene on reacting fluoren-9-ol with 
sulphuric and hydrazoic acids. In each of three experiments 
phenanthridine was formed and this was also given by the 
separate reaction of the azide with sulphuric acid. Reaction 
of a number of substituted secondary fluoren-9-ols by Arcus 
and Coombs (29), namely the 2-nitro-, 3-nitro-, 2-amino-, 
2-methoxy-, 3-methoxy-, 2-methyl-, and 3-methyl-fluorenols, 
proceeded without isolation of the azide. The 9-azido-2- 
methoxyfluorene, however, was prepared by other means and its 
acid-catalysed decomposition compared with that of the fluorenol:
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Product 
Ratio %
2-methoxyfluoren-9-ol gave 2-methoxyphenanthridIne 32
7- " ” 68
9-azido-2-methoxyfluorene gave 2- ” ” 34
7- ” ” 68
Whence it is observed that the migration ratios were almost 
identical for the two reactions, and fitted into the general 
dependence on the capacity of the rings for electron-release 
at their point of attachment to Cg found for these compounds.
By the use of trichloracetic acid as catalyst Arcus and Marks 
(6 6 ) succeeded in obtaining the azide as the product of the 
reaction with l:2-benzofluoron-9-ol. The 9-azido-l:2- 
benzofluorene gave the two isomers 1 :2 - and 7:8-benzophenan- 
thrldine in ratio 2.9:1 on decomposition with trifluoroacetic 
acid. This is in keeping with the general rule quoted above 
for the migration ratios obtained for the reaction with 
fluoren-9-ols.
Boyer and Canter (6 8 ) have investigated the reaction 
between cyclopentanol, cyclohexanol, cycloheptanol, and 
hydrazoic acid in the presence of sulphuric acid, and Boyer, 
Canter, Hamer and Putney (69) the acid catalysed rearrangement 
of the corresponding azides, A predominance of ring expansion 
over ring-size retention was found in both sets of experiments.
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the results of which wore very similar.
H 2 8 O 4
(CHg) .CHNg
Hp80.
(CH^) .CHOH — ---
 ^ n HNrz
CH
(CHo) .0 = NH + (CHp)
H
(CL) 0 = 0
riphenylmethanol was found to yield diphenyl methyl 
azide by Arcus and Mesley (28), Tietz and McEwan (26), in 
their investigation of the acid-catalysed reaction of several 
unsymmetrical benzhydrols with HN^ found that quantitative 
measurements were complicated by side reactions. To eliminate 
these latter they decomposed the corresponding m- and 
p-substituted diphenylazides (benzhydryl azides). The latter 
were prepared by reacting the benzhydrol with hydrazoic acid 
in the presence of trichloroacetic acid, and the resultant 
azide was then decomposed jui situ by the action of sulphuric 
acid, to give (after treatment with ice-water) a mixture of 
isomeric benzaldehydes and anilines. In each case the ratio 
in which the groups had migrated was measured by the product 
ratio for the substituted benzaldehyderbenzaldehyde.
Ege and bherk (27) carried out a similar investigation 
into the formation of azides in the reaction of diarylethylenes. 
They reacted dlphenylmethyl carbinol and 1:1 dlphenylethylene
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with HNg using trichloroacetic acid as catalyst to give, in 
each case, diphenylethylazide, A series of unsymmetrical 
diarylethylazides were prepared in the same way. With the 
exception of diphenylethylazide, they were not isolated, but 
were decomposed in situ with sulphuric acid. The ratios for 
the migrating groups were measured by the yields of the two 
corresponding amines. The results were compared with those 
found for l;l-diarylethylenes by McEwan and co-workers 
(24 and 25) and Kahn and Di Domenico (70). A close 
correlation of migrational aptitudes of the various groups in 
all three sets of experiments, namely those with 1:1 
dlphenylmethyl azides, 1 :1-diphenylethylazides and 
1 ;l-diphenylethylene, was obtained.
Recently McEwan and Gudmundson (71) have prepared a 
similar series of l:l-diphylethyl- and methyl-azides by a 
method identical with that of Ege and Sherk. Their kinetic 
studies on these azides will be discussed in more detail later.
The work so far quoted has confirmed the validity of 
the earlier assumptions of the addition of the hydrazoic acid 
molecule to a carbonium ion to give an azide intermediate for 
the reaction with alcohols and olefins, and by analogy for the 
Schmidt reaction. Isolation of the azide In these reactions 
proves that the decomposition of this body is the rate 
controlling step.
—52 —
Object of the Present Work.
It was decided to carry out a kinetic investigation 
of an acid-catalysed reaction of hydrazoic acid in an attempt 
to elucidate the general features and mechanism of that reaction, 
particularly with regard to the role of the acid catalyst.
Arcus and his co-workers had already carried out much work on 
the reactions of the fluoren-9-ols and it was on this system 
that jihe present experiments were made.
: In order to simplify the kinetics, the action of the
acid on the azide rather than on a hydrazoic acid-fluoren-9-ol 
reaction-mlxture was studied. This was considered entirely 
reasonable as the azide decomposition step had already been 
shown to be the rate-determining feature of the overall 
reaction.
DESCRIPTION OF THE INVESTIGATION 
Preparation of Reagents and Preliminary Decomposition
Experiments.
9-Azidofluorene, which had already been isolated 
from the reaction of fluoren-9-ol with hydrazoic and sulphuric 
acids (28), was the azide used in these experiments. This 
azide is symmetrical and the possibility of parallel reactions 
leading to alternative isomers, which may proceed at varying 
rates, does not, therefore, arise. Also it is a solid azide 
of reasonable stability, which can be readily prepared in a 
pure form.
The azide was prepared from the ketone, fluorenone, 
by reduction to the alcohol, followed by substitution of the 
hydroxyl group by a chloro- and subsequently an azido- group 
in the 9- position.
OH Cl N^I f N
^C H  ^CH
The preparation of the ketone by oxidation of the 
hydrocarbon, fluorene, has been described in Part 1.
Reduction of this ketone was carried out by both the sodium 
amalgam and aluminium isopropoxide reduction methods, both of
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whlch gave satisfactory yields. The former, which consisted 
of shaking together a mixture of fluorenone, methanol, and 
sodium amalgam, in benzene, could conveniently be carried out 
on a small scale only, because of the practical difficulty of 
shaking a large quantity of sodium amalgam in a glass vessel. 
The aluminium isopropoxide reduction was carried out on a much 
largep scale by heating the ketone and isopropoxide together 
for four hours in a mixture of benzene and isopropyl alcohol. 
The acetone produced by the reaction was distilled off as it 
formed. The solid alcohol was obtained by distillation of 
excess solvent and addition of the residue to ice cold aqueous 
sulphuric acid, followed by recrystallisation from benzene. 
Almost quantitative substitution of hydroxyl- by a 
chloro- group was readily performed by heating a suspension 
of the alcohol in concentrated hydrochloric acid to near 
boiling-point,
The azide was obtained by heating a solution of the 
chloro-compound in absolute methanol with a suspension of 
sodium azide for four hours; it was recrystallised from 
ethanol-water mixtures.
An attempt was made to prepare the azide from 
fluoren-9-ol in one step by the reaction of sodium azide, 
trichloroacetic acid, and the alcohol, in a chloroform 
suspension. It was hoped that the use of the weaker acid
-55-
catalyst would result in the reaction stopping at the azide 
stage, i.e., that carbonium ion formation would occur, but 
that the rearrangement would not. However, both at 0° and 
30° the fluoren-9-ol did not react, and was recovered.
9-Azidofluorene had already been shown to decompose 
on standing to give fluorenone imine (28), and it was in fact 
found that the azide tended to discolour on standing, part­
icularly the rather less pure material. The azide was stored 
away from light in a tightly stoppered bottle kept in a 
desiccator. Under these conditions the pure azide was found 
to be quite stable over a period of four weeks, the less pure 
discoloured material, however, became more yellow after a few 
days. For the kinetic runs the azide used had to have a m.p. 
not less than 44° (maximum found was 44.5°), and an age not 
exceeding two weeks, but was usually less.
The azide having been prepared, preliminary experi­
ments were carried out to find the best acid catalyst and 
solvent for the reaction. The azide was decomposed in a 
number of different solvents and acids. Table 2 . Certain 
general features of the acid-catalysed decomposition of 
9-Azidofluorene appeared from these experiments. The reaction 
is very sensitive to the acid-strength of the medium, and 
below a certain threshold acidity the azide is stable; e.g. 
with glacial acetic acid, trichloroacetic acid in chloroform.
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aqueous hydrochloric in acetone, and sulphuric acid monohydrate 
in acetone. Concentrated sulphuric acid was found in general 
to catalyse the reaction, the speed of which depended on the 
solvent used as well as acid concentration. In nitromethane 
the reaction was vigorous and resulted in a large temperature 
rise. Whereas, in solvents such as acetic acid and dioxan, 
where protonation of the solvent takes place, there is a 
fed.ling-— off in the rate of decomposition until at a certain 
low acidity the azide is stable.
The apparatus used in these experiments was an 
earlier form of that used for the kinetic runs, and consisted 
of a reaction flask joined to a constant pressure nitrometer. 
The reaction was followed by the evolution of nitrogen. The 
reaction flask was agitated by an eccentric shaker, and 
immersed in a water-bath maintained at an approximately 
constant temperature.
Sulphuric-acetic acid was chosen as the reaction 
medium because the experiments had shown that it gave the best 
controlled variation of rate with acidity. Other factors 
influencing the choice were as follows : Values of for the 
solutions are recorded; 9-azidofluorene and its decomposition 
products are soluble, thus ensuring a homogenous reaction; 
there appeared to be no reaction between the sulphuric-acetic 
acid or the azide-acetic acid mixtures; nitrogen has a low 
solubility in acetic and sulphuric acid (72).
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Both the acetic and sulphuric acids used in the 
kinetic runs were prepared as the anhydrous material, and 
stored in capped stoppered bottles. The solution used for 
each experiment was made up as required and not taken from a 
stock mixture of the two acids. This was to eliminate any 
possible condensation of the acetic acid caused by the strong 
acid catalyst, although this possibility was considered 
unlikely under the conditions used.
To obtain anhydrous sulphuric acid pure oleum was 
first prepared by evaporating sulphur trioxide from heated 
oleum, in an all glass distilling apparatus, and absorbing 
the gas in Anal&r sulphuric acid. The oleum thus obtained 
was adjusted to sulphuric acid (100#) by titration with 
concentrated sulphuric acid to cessation of fuming as described 
in Part I. The resultant acid was recrystallised and adjusted 
to give a maximum freezing-point, which was determined in the 
apparatus shown in Fig 3; adjustment of the acid was by the 
addition of Analar sulphuric acid or oleum, in practice very 
little addition to the acid obtained by titration and 
crystallisation was found necessary. The freezing-point of 
the stored material was checked from time to time and if 
necessary adjusted to give a maximum value.
The anhydrous acetic acid was prepared from glacial 
acetic acid by distillation and recrystallisation, carried out
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by freezing part of the acetic acid and decanting the residual 
liquid. After two preliminary recrystallisations the acetic 
acid was distilled and then further recrystallised to give a 
maximum freezing point, which was determined as for the 
sulphuric acid.
Quantitative Rate Measurements.
Before commencing the kinetic runs a preliminary 
series of quantitative experiments (Runs 1 to 10, Table 8 ) 
were undertaken at different acid concentrations, and volumes 
of solutions, with approximately the same weight of azide. 
These runs were carried out in a fashion similar to that 
described later for the kinetic runs, and were intended to 
standardise the techniques, apparatus, quantities, and method 
of calculation used in the later runs.
It was found that considerable heat was evolved on 
the mixing of the sulphuric-acetic acid solutions and the 
azide-acetic acid solutions. These preliminary runs showed 
that the greater amount of the heat was caused by the dilution 
of the sulphuric-acetic acid by mixing with additional acetic 
acid. Table 6, whence it was decided to commence reaction 
by running a fairly dilute solution of sulphuric acid in to 
the azide dissolved in a small amount of acetic acid. The 
procedure found to be practicable with a convenient sized 
reaction vessel was to take the sulphuric acid dissolved in
-59-
50 ml. of acetic acid and to run this in to the azide dissolved 
in 10 ml. of acetic acid. This gave, in the kinetic runs, a 
maximum initial temperature rise of 0.85° for the strongest 
acid solvent with 36,5# Hg80., and 0.5° for acid containing 
28.5# H2 8O4 .
' Another fact found from these preliminary experi­
ments was that phenanthridine had a depressing effect on the 
rate of reaction, but did not appreciably lower the final 
volume of nitrogen evolved. This was found by comparing 
similar runs carried out with and without added phenanthridine, 
(p, 136). This depression of reaction rate was presumably 
brought about by a lowering of the H of the solution by the 
added base. As the concentration of phenanthridine increases 
in the kinetic runs, there will be an increasing retarding 
effect on the reaction. At the ends of the kinetic runs, the 
excess of sulphuric acid over phenanthridine was from 20- to 
106-fold.
Thus it was shown that two unavoidable disturbing 
factors exist in the reaction, the initial temperature-rise 
and the accumulation of phenanthridine. The quantitative 
effect of these two factors on the reaction is difficult to 
deduce in any simple fashion, and for this reason no correction 
was applied. Instead, three groups of results were calculated 
from the kinetic runs; the initial rate, the time for half
%
AT
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reactlon, and that for seven-tenths reaction, and discussion 
is based on the three sets of data taken into consideration 
together.
The final kinetic experiments consisted of the study 
of the decomposition of 9-azidofluorene in anhydrous sulphuric- 
acetic acid mixtures, the reaction being followed by the rate 
of evolution of nitrogen; the apparatus for these experiments. 
Pig. 1, comprised essentially a device for measuring the gas 
evolved and a reaction vessel.
The gas-measuring apparatus was a constant-pressure 
gas burette, in which volume-changes were readily followed by 
adjusting the reservoir, transformer oil being the liquid used, 
until internal and external levels were of equal height; at 
this point the nitrogen is present at atmospheric pressure 
minus the vapour pressure of the solution. The temperature 
of the collected gas was that of the surrounding water jacket, 
through which water was circulated from the thermostat by an 
electric pump.
The reaction vessel consisted of a conical flask 
and a large upper bulb for holding the acid reagent. Fig. 2 , 
and was designed to fulfil the following conditions, that:
(a) reagents be mixed rapidly and completely to establish zero 
time (b) heat generated be kept to a minimum and dissipated 
quickly (c) stirring should be sufficient to prevent super­
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saturation by gas, and also at a constant rate (d) a method 
of equalising pressure when the reagents are added should 
exist (e) reaction temperature be observable where necessary.
To carry out the reaction a fairly dilute solution 
of sulphuric acid in acetic acid was run from the upper bulb 
in to a continuously stirred solution of the azide in a small 
volume of acetic acid, via a wide bore tap which ensured that 
the time of entry was very small. A tube joining the upper 
and lower bulbs kept a constant pressure throughout during 
this initial mixing process. Stirring was carried out 
magnetically, the stirrer consisting of a piece of polythene- 
covered soft-iron, and the whole flask was immersed in a 
thermostat•
Before the start of a run, the thermostat and 
nitrometer jacket temperatures were allowed to come to 
equilibrium, and the system tested for leaks by the retention 
of a certain pressure. The clean dry flask was weighed 
without and with azide, and the requisite amount of sulphuric 
acid and acetic acid were pipetted into the two bulbs of the 
flask and the weight of each acid determined. When the acetic 
and sulphuric acids were mixed in the top bulb considerable 
heat v/as evolved, this was dissipated by keeping the apparatus 
in the thermostat for at least an hour before commencing the 
reaction. When equilibrium had been reached the tap was
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quickly opened and the stop-watch started as zero-time.
Volume readings were taken at intervals from zero time, the 
intervals depending on the speed of reaction, until about 75# 
of the reaction had been covered. A final reading was taken 
after 24 hours, and in some instances after a longer period.
On the addition of the sulphuric-acetic acid 
solution to the clear colourless solution of the azide in 
acetic acid a transient green colour formed which faded to a 
light yellow. Toward the end of the reaction the solution 
darkened to a light orange. The solution also became turbid 
in the later stages of the reaction because of the separation 
of a small amount of insoluble material. This was found to 
be insoluble in ethanol, water, dilute acid and alkali, to 
have a m.p. greater than 300°, and analysis showed the absence 
of nitrogen and sulphur. Determination of the solid in ten 
experiments. Table 5, gave a mean yield of 5.2# w/w of the 
azide taken. It was assumed to be some type of condensation 
product, and considered not to play any part in the reaction 
studied.
The reaction mixtures of some of the runs were 
diluted with water and made basic with ammonia. The basic 
product which separated was collected, weighed, and identified 
as phenanthridine. The recoveries of phenanthridine from 
these kinetic runs. Table 5, gave a mean yield of 95.6#. The
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volume of nitrogen obtained in those kinetic runs which were 
allowed to go virtually to completion gave a mean yield of 
97.4^. The high yield of phenanthridine shows that the 
reaction goes essentially by only one route, and the high yield 
of nitrogen demonstrates that it can be quantitatively followed 
by the rate of nitrogen-evolution.
Treatment of Results.
On mixing the reagents at the commencement of the 
reaction there was a slight increase in the gas volume because 
of dissolved gases coming out of solution on mixing. To obtain 
the true volume of gas evolved during the reaction a correction 
was applied to the initial volume reading on the burette as 
described in the Experimental Part. The volume readings (v) 
were then corrected to W.T.P. to give the volume of nitrogen 
(x) evolved at time (t).
The results of the experiments were found to be best 
represented by an equation of the form:
dx/dt = k(a-x)^h.Q
where x is the volume of nitrogen, reduced to M.T.P.,
a is the volume, at N.T.P., equimolar with the v/eight
of azide taken,
h^ is derived from = -log h^, 
and k is the rate constant.
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From a graph in which (x) Was plotted against time (t) in
minutes, ^0 ,7  ^ the times for evolution of half and
seven-tenths of the total theoretical volume (a) were 
ascertained. From this first plot values of A  %/At were 
obtained at certain fixed intervals of time and a graph of 
dx/dt against (t) was constructed. These two graphs were 
used to obtain log (dx/dt) and log (a-x), which when plotted 
against each other, gave a substantially linear graph. In 
this latter graph deviation from a straight line occurred in 
the initial period, most probably due to the small unavoidable 
initial temperature-rise, and in the later stages of the reaction 
because of increased concentration of product, the base 
phenanthridine. The slope of the logarithmic plot i.e. (n) 
was in general greater than unity, the average dependence on 
(a-x) being to the power 1.20. To minimise these disturbing 
factors, the rate constant used in the calculations was the 
initial pseudo first order rate constant, which was obtained 
from the initial intercept, log^_Q(dx/dt )^ , of the straight line 
drawn through the linear section of the logarithmic plot.
The determination of k^, t^^, t^^y, which yields 
comparable values at three points in the course of each run, 
is considered to be the most satisfactory treatment of the
experimental data.
Three sets of experiments were carried out:
-65-
measurement of the order of the reaction with respect to azide; 
investigation of the effect of varying acid concentration on 
the reaction rate and determination of the relationship with 
determination of the activation energy of the reaction 
by carrying out runs at different temperatures.
A series of experiments in which different initial 
concentrations of azide were decomposed in a solution of 
constant strength, 34.1/ w/w (H^ - 4,01), were carried
out. Table 9. A plot of log^^(dx/dt)^ versus log^^a is 
substantially linear at a slope of 1.09, Graph 1. 5
and 7 similarly plotted. Graph H ,  have slopes of
-0.04 and -0.02. It can be shown that:
log t = constant - (n-l)log a,
fraction
whence, the above slopes would point to the order of the 
reaction, (n), being 1.04 and 1.02 respectively. It is
concluded that the deviation from unity of these values are not
significant in view of the disturbing factors already discussed, 
and that the reaction is substantially first order with respect 
to azide.
The dependence of the react ion-rate on acidity was 
determined by decomposition of a constant weight of azide 
(0.003 moles) in solution ranging from 10.1 to 36.5/ w/w H^SO^ 
(H^ from -2.87 to -4.85), Table 10. The values of were
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taken from the data of Hall and Spengman (73) which were for
essentially anhydrous solutions of sulphuric-acetic acid.
-4
LoglO^i^^^ > Y were ascertained and
plotted against -H^, GraphIII,to give straight lines of slopes 
1.03, 1.07, and 1.09 respectively. The reaction thus shows 
a proportionality with which is only slightly greater than 
unity. The extent of the deviation from unity is not con­
sidered significant in view of the experimental errors 
involved in the present work and in the measurement of H^.
The effect of temperature was investigated by the
determination of reaction-rates at temperatures between 25® 
and 45^ with a constant reaction medium of 0.003 moles of 
azide in a 17.2/ w/w HgSO^ (H^-3.21 at 25^) solution. Table 11.
Plots of log^gk^ and -log^^t^ ^ against l/TxlO^, Graph IV,
where T is the absolute temperature of the reaction, are linear. 
Application of the Arrhenius equation in the form: 
logfo (rate) = -E/2.303RT + constant 
yields from the slopes of these graphs, the values 24.0 and 
22.8 kcal./mole for the activation energy of the rearrangement.
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SULPHURIC-ACETIC ACID SOLUTIONS.
As a preliminary to kinetic studies on a reaction 
taking place in anhydrous-sulphuric-acetic acid, it is 
desirable to review the properties of that system, particularly 
with regard to the acid properties thereof and their measure­
ment •
Properties of Sulphuric-Acetic Acid Solutions.
Acetic acid is a solvent with the low dielectric 
constant of 6,13 at 20® (74) and has long been recognised as 
an associated liquid (75). No direct method for determining 
the molecular weight of a liquid, if such a term can be said 
to have any meaning, exists. All the methods available involve 
the comparison of some physical property with that of known 
"normal" liquids, and deviation from normal behaviour is 
interpreted as being due to association. References to data 
relating to association of acetic acid spectra, vapour density 
and distribution between water and benzene have been collected 
together by Mackenzie and Winter (76). To these may be added 
a discussion on results from the use of Ramsey and Sheild’s 
equation on surface tension measurements by Partington (77), 
and the vapour density results of Landee and Johns (78). The 
work of Pickering (79) on the freezing point of acetic acid- ■ 
acetic anhydride mixtures was shown by Mackenzie and Winter (76)
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to afford further proof of the association of acetic acid.
The above methods all indicate that acetic acid
exists extensively as a dimer both in the liquid and vapour 
form and in solution, and to consider this association 
complete at 20® in the liquid state is probably correct (76). 
The dimer is generally considered to be a hydrogen bonded 
complex;
0 H ——— 0
^  VCH, --     CH,
%  / /  3
^ 0 -—  H --  0
It is not surprising to find that "strong" acids
dissolved in acetic acid, with a dielectric constant much
lower than that of water, do not behave as, completely ionized 
solutions; association is wide-spread and the concept of 
hydrogen-ion concentration loses much of its significance.
The acids show a much higher degree of specificity than in, 
say, water.
Various authors have made potentiometric studies 
of acids and bases in acetic acid, (80 to 85) using the 
chloranil electrode. Conant and Hall (80) defined a function 
(pH)AcOH as a measure of the hydrogen-ion activity in this 
solvent. They discovered the striking fact that hydrogen-ion 
activity, determined via e.m.f. measurements, was exception­
ally high, very much higher than in aqueous solutions. These
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solutions were termed "super-acid" and the high activity 
attributed to the great tendency for the protonated solvent 
ion, CHgCOOHg , to lose a proton. The hydrogen-ion activity 
of perchloric'acid was stated to be very much greater than 
sulphuric acid. Vapour pressure measurements by Rodebush and 
Ewart (8 6 ) appeared to confirm the exceptionally high activity 
for hydrochloric acid in acetic acid. These e.m.f. and 
vapour pressure measurements also seem to be paralleled by the 
"acidity" values obtained by indicator studies.
These e.m.f. measurements provided no evidence as 
to the degree of dissociation of the acid, or the species 
present in the solutions. These questions were clarified to 
a certain degree by reference to conductivity studies.
Conductimetric measurements on solutions of perchloric, 
sulphuric and other "strong" acids were carried out by 
Kolthoff and Willman (87); Hall and Voge (8 8 ); Eichelberger 
and La Mer (89); Wiedner, Hutchison and Chandlee (90) and 
their results are in close accord. The solutions show a low 
molar conductivity, roughly 10“ times those in water, which 
decreases in the order;
HCIO^ : HBr : HgSO^ ; HCl ; HNO^
In general, with the exception of perchloric, the acids were 
classed as weak electrolytes. The low conductivity was 
ascribed to two factors;
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(a) the strongly protogenic nature of acetic acid which 
was said to result in a large concentration of undissociated 
molecules of the solute-acid,
(b) where ionisation takes place, to the formation of 
ionic aggregates of no net charge thus making no contribution 
to the conductivity. Sulphuric acid was quoted as being a 
typically weak electrolyte with a dissociation constant of 
10'^ (88).
Potentiometric experiments by Shkodin and Izmailov 
(91) gave similar results regarding the differentiating powers 
of acetic acid on the strengths of acids. Perchloric acid 
was quoted as being 10^ times as strong as sulphuric acid.
The problem of ion-pairs in acetic acid has recently 
been considered by Kolthoff and Bruckenstein (92). These 
authors made indicator studies of "strong" acids in both 
anhydrous acetic acid and in acetic acid containing small 
amounts of water. As a result of their work they decided that 
even strong electrolytes were incompletely dissociated into 
ions, the largest dissociation constant being of the order 
10“^, and also that not only ion-pairs but ion-triplets and 
-quadruplets must be present. These authors considered that 
the "ionisation" rather than the "dissociation" constant of 
an acid gives a more exact expression of acid strength e.g.
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HCIO4 + CHgOÛH -■■■" . CIO4 • CH3 COOH2 —    CH3 COOH2 + CIO4
Ionisation Dissociation
They give the ionisation constant for perchloric acid, K = 
activity of ion-pair / activity of unionized acid, the value 
0.8 - 1.0. Acids such as sulphuric and hydrochloric were 
considered to have a very much greater proportion of un­
ionized molecules. Smith and Elliot (93) carried out similar 
indicator studies to the previous workers, and from these and 
conductance data concluded equilibria in acetic acid involve 
primarily undissociated species.  ^ They also stated, without 
making a choice, that the addition complex may contain a 
hydrogen bond or an electrostatic bond, the latter alternative 
implies an ion-pair. The classical dissociation constant
([CHgCOOHg] [ HSO4 ] / [ H2 SO4] ) of sulphuric acid in acetic
. -9
acid containing 0.12/ water is recorded as 7.4 x 10
Sulphuric acid can be conclusively shown to form a 
complex with acetic acid from the following data (a) the plot 
of viscosity versus composition has a marked maximum at the 
equimolar point (94); (b) freezing point data for mixtures of
the acids may indicate a 1:1 compount (8 8 ) (c) the heat by
dilution of sulphuric by acetic acid is qualitatively large, 
no measurements appear to have been recorded# A possible 
structure for a hydrogen-bonded complex is the following:
-72-
HO y,0 ——— H ■ ' 0
0 0------ - H -O'
Thus the equilibria existing in sulphuric-acetic 
acid mixtures are represented as follows;
2CH3 .COGH - (CH^.GOOHjg
H2 SO4 4 (GHgCOOHjg CH3 .GOOH.H2 SO4 + GH3GOOH
CHg.COOHg .HSOJ
i  .
GHg.GOOHg + HSO4
In the second reaction it is thought that the hydrogen-bonded 
complex is formed very easily between the two acids, and that 
most of the sulphuric acid is found in this form. The extent 
of the change-over from a hydrogen-bonded complex, ov in some 
degree from the molecular acids, to an ion-pair is considered 
to be governed by the relative acid and base strength of the 
two acids, and for sulphuric-acetic acid the extent of 
complete proton-transfer is probably not very great. 
Dissociation of the ion-pair is determined, to a large extent, 
by the dielectric constant of the medium, and with acetic acid 
as solvent dissociation has been shown to be small in all 
cases.
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Kolthoff and Willman (87) studied the change of 
conductivity of "strong" acid-acetic acid solutions on the 
addition of small amounts of water, and their results fit in 
with the above scheme. Addition of water to perchloric acid 
solutions gave no change in the conductivity, but with 
sulphuric acid a marked increase was obtained. The extent of 
dissociation is in all cases very small, but it is inferred 
that for perchloric acid the extent of proton-rtransfer to 
yield an ion-pair is large, K. = 0.8 - 1.0, and that very 
little, if any, hydrogen-bonded complex occurs. Addition of
4* —the more basic compound water converts some CH COOHg.010^ 
into HgO’^’ClO” but dissociation, largely dependent on the 
dielectric constant, is not much affected. By contrast it is 
considered that the extent of ion-pair formation with sulphuric 
acid is much less, and that water reacts with the hydrogen 
bonded complex to a substantial extent to yield the ion-pair 
HgO^.HBO^, dissociation of which considerably augments the 
conductivity of the solution.
Thus it is concluded that in acetic acid solution 
sulphuric acid exists mainly as a hydrogen-bonded complex, 
in part as ion-pairs (or larger ionic aggregates), and to a
4- —
very small extent as the free ions, CH^.COgHg and HSO^, some 
molecular acid may also exist.
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Acldity Functions.
. . . /
The Ho acidity function is a quantitative measure 
of acidity conceived originally by Hammett and Deyrup (95) 
for strongly acid aqueous solutions. It expresses the 
tendency of a given solution to transfer a proton to a 
neutral base under conditions where pH or hydrogen-ion con­
centration lose their significance. The function is derived 
from the ionization equilibria of a particular class of 
indicators, those behaving in the Bronsted-Lowry sense as 
uncharged bases, (95, 96 20c)
B + H life  BH
and is defined by the equation:
Ho T -log ----- (1)
Where a^+ is the total acidity of the hydrogen ions in 
solution and fg / the ratio of activity coefficients of
a neutral base B, and its conjugate acid BH"*".
The thermodynamic ionization constant of the 
conjugate acid of the indicator is defined by the function:
“ "“log ^®’H'^  ^B ^ )
in terms of molal concentrations, and refers the activities in
all solutions to the same reference standard, the ideal dilute 
solution in water. This constant was substituted in equation
-75-
(1 ) to give the alternative expression:
Ho = pKg^  + log([B]/[BH+])   (3)
where [ B] / [BH*^ is the concentration ratio of the base and 
its conjugate acid, and in the case of an indicator is 
directly observable. Thus Equation (3 ) gives a method of 
determining H^, since an indicator whose pK value is known 
from data in dilute aqueous solution may be used in another 
solution, and the ratio [B] / [ BH"tl found spectrometrically 
or colorimetrically.
Hammett made the fundamental assumption that the 
relative strength of two bases of the same charge type was 
independent of the medium in which they were employed. This 
meant that H^ is solely a property of the solvent and is 
independent of the base used. It is evident from Equation (l) 
that, for these conditions to be true, the ratio 
must be equal for all bases. This may be further illustrated 
by considering any two bases B and C compared in the same 
solut ion•
A p K  = pK„ - pK_ = -log (BlfCH+l - log { b . / c p  ----- (4)
® [BH+][C] Ib h E T c
For the relative basicities of the two bases to be independent 
of solvent composition then the latter term must be zero i.e.
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If the latter is true then the H of the solution is 
independent of the base used. Gutbezahl and Grunwald (98) 
have shown that this is the case for aqueous solutions up to 
moderate concentrations. Hammett (I9d) has given theoretical 
reasons for the constancy of t h e p K  term in different media, 
when he pointed out that A-pK is a function of the type:
A p K  = a + b/d   (6 )
where a and b are constants and d the dielectric constant.
If d is large, near 80 in the ease of water and aqueous acids, 
then b/d is close to zero and i^pK will be very nearly constant 
in any of these solvents.
The generality of H for aqueous solutions of strong 
acids has in fact been established by empirical observation.
A series of different indicators of the given charge type, 
consisting in the main of aromatic amines and oxygen bases, 
has been found to give a reasonably uniform scale of H^ values 
for the acids, sulphuric, hydrochloric, nitric, perchloric and 
trichloroacetic, independent of the particular indicator and 
extending over concentrations far outside the ideal range.
The acidity function is not equal to pH, but does 
become equal to it in dilute aqueous solution when fg and 
both become unity. By analogy with pH the antilogarithm of 
-Hq has been given the symbol h^ and is often a useful terra.
log h^ = -Hq   (7)
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A distinctly different acidity function was proposed 
by Westheimer and Kharasch (98) and further developed by other 
workers to provide an acidity scale for secondary bases, those 
that react according to the equation:
ROH +  p. + HgO
i.e. a triphenylcarbinol type of ionisation.
Qold and Hawes (99) have suggested the symbol 
(symbols H^ and have also been suggested) which plays a 
role analogous to the H function in the ionisation of 
electrically neutral bases and is defined:
Jq = -log &H+-TRCH
^HgO fn'*'
They suggested that absolute values of could be obtained 
from:
Jo = % 0
Williams and Sevan (100) have shown this to be unsatisfactory 
at lower acid concentrations, although useful at the very high 
concentrations. Gold (lOl) has recently proposed other more 
satisfactory approximations for the function.
The H function is the only one with any direct 
bearing on the present work, and it is thus the only acidity 
function to be dealt with at any length.
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Appllcatlon of H to Sulphuric-Acetic Acid Solutions.
One of the more important properties of the acidity 
function is that it can be utilized in certain non-aqueous 
solutions, the resulting acidities being automatically 
referred to the dilute aqueous reference state. However, with 
non-aqueous or mixed solvents, particularly for solvents with 
low dielectric constants, it has been found necessary to 
examine the validity of the acidity function concept for each 
case, as it cannot be said to have a general application.
Th5s point of view has been emphasized by Grunwald and co­
workers (97, 102) and by Bates and Schwarzenbach (103), 
particularly as a result of studies with ethanol-water mixtures 
It was found that the ratio was not constant for
all bases and they concluded that H^ was too crude an approx­
imation in this mixture. In view of the low dielectric 
constant and extensive association present in acetic acid 
solutions of strong acids, it is hardly surprising to find 
that the validity of the application of H^ to these solutions 
is held in some doubt.
In considering the necessary assumptions for an H^ 
scale to apply in acetic acid we find that "(g / 
be independent of the base B as shown in Equations ( 4 - 6 )  
because of the low value of the dielectric constant. Further,
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in aqueous solution 4^ / is defined to become unity as
infinite dilution is approached, but in acetic acid fL /
ij Juii
is not necessarily unity at infinite dilution. In actual 
fact this ratio is adjusted so that has the same value in 
acetic acid and in water at a constant ratio [ b]/ [bH"^ ] for a 
given indicator. Using Equation (3) this can be accomplished 
by defining the observed pK for a particular indicator in 
acetic acid as identical to its value in water, (104). This 
adjusts the values of the activity coefficients to the same 
standard state in both solvents for this indicator, but it 
does not determine that "fg / 'fgg+ is independent of B in the 
solvent for all indicators. In other words may be a 
function of B in acetic acid. Gmnwald and Gutbezahl (97) 
attempted to separate the ratio / fgg+ into two terms, one 
depending on the solvent and one on the base B where is
Log[B]/[BH'^ = Mg
the solvent function. These authors show that h^ is ^robably 
equal to a^+ in aqueous acids up to moderate concentrations. 
The equation was not applied to acetic acid solutions but it 
has been found that h^ is proportional to a^rt- up to 2 or 3 
molar sulphuric acid (73).
Three main sets of measurements in sulphuric- 
acetic acid mixtures have been carried out. Hammett and Paul
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(105) obtained values for sulphuric acid concentrations 
between 0*002 and 1.6 molar using optical colorimetry with 
indicators o-nitroaniline and p-chloro-o-nitroaniline. Hall 
and Spengeman (73) carried out the most extensive set of 
measurements, investigating solutions up to 8 molar sulphuric 
acid by the method of Hammett, using p-chloro-o-nitroaniline,
2 :4-dichloro-6~nitroaniline, 2 :6-dinitro-4-methylaniline, 
N:N-dimethyl-2;4;6-trinitroaniline, and £-nitroaniline. Gold
and Hawes (99) determined H^ using one indicator, 4-chloro 
-2-nitroaniline, at sulphuric acid concentrations between 0.18 
and 0.95 molar and with water contents of 0.00, 0.22, 0.56 
molar, using a spectrophotometer. These three sets of results 
show a good agreement in the values of H^.
On plotting the results against molarity one obtains
a reasonably uniform H^ scale for the range of indicators with
the exception of 2 ;4-dichloro-6-nitroaniline and N:N-dimethyl-
2 :4 î6-trinitroaniline. The lack of parallelism of the results
of the last with the results of the other indicators is also
shown in aqueous sulphuric acid solutions and presumably
reflects a fundamental unsuitability of this indicator. The
H values for 2 :4-dichloro-6-nitroaniline run parallel with 
o
those obtained for other indicators but they are displaced by 
about 0.4 unit in the direction of lower apparent acidity.
The results for H show that it is linear with
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molarity between 1 and 8 molar, and the plot is parallel with 
that of sulphuric acid in water but shows higher acidity.
This higher acidity is illustrated by comparing the values 
in 1 molar solution of sulphuric acid in acetic acid and water: 
in acetic acid = -3.01 and in water -0.26. This high
acidity is in qualitative agreement with pH measurements made 
by Hall and Conant (8 0 ) using the chloranil electrode, 
although the indicators actually measure a rather different 
property of the solution, and with catalytic activity.
Paul and Long (106) show that if one plots -H^ 
against log[HgSO^] for solutions of sulphuric acid in acetic 
acid at concentrations below 0.1 molar, a straight line with 
unit slope is obtained corresponding to a limiting value of:
+ log [HgSO^] = -2.69
in infinitely dilute solution. This is the behaviour 
expected in ideal solution if sulphuric acid were a strong 
1:1 electrolyte. However, if one uses similar data for 
solutions of perchloric-acetic acid (107) the limiting value 
is quite different:
H^ + log [HgSO^] = -4^00
Further studies by Smith and Elliot (93) with a variety of 
"strong" acids in acetic acid (containing 0 .12/ by weight of 
water) have shown that, for each acid -H^ is linear with
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[log Aoid Concentration], with slopes close to unity. The 
lines, although parallel, are considerably displaced from one 
another, which shows a considerable variation in the acid 
strength of "strong" acids in acetic acid. This behaviour 
was taken to suggest that the indicator-equilibria involved 
ion-pairs rather than the simple solvated H+ion, which makes 
the exact significance of the Hammett equations doubtful. 
Kolthoff and Bruckenstein (92) also concluded the H^ had no 
significance in acetic acid and that, in a given solution, 
would vary somewhat with the indicator used because of the 
effect of the ion-pair formation on the indicator equilibrium. 
Rocek (108) after indicator studies on solutions of sulphuric, 
perchloric and phosphoric acid in acetic acid with a variable 
water content came to the same conclusion as Kolthoff: that
Hq for acetic acid solution was not independent of the 
indicators used.
It has been shown that considerable doubt and
criticism has been levelled at the application of H^ to acetic
acid solutions. Hammett himself stated that the validity of
the acidity function would be restricted to solvents of high
dielectric constant, but he then went on to successfully apply
H to solutions in acetic acid (105). Although the work by 
o
Kolthoff and Rocek makes it fairly certain that some lack of 
agreement does occur from indicator to indicator, and, indeed.
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ôonsiderlng the factors outlined it would be surprising if 
there were not, nevertheless these divergencies cannot be very 
large for sulphuric-acetic acid mixtures, as they do not show 
up in the results of Hall and Spengeman which ôover a wide 
range of indicators and acidity.
In the present work H^ is used exclusively to permit 
correlation between acidity and rate of reaction. The 
discussion in the next chapter makes it clear that for this 
purpose Hq values in acetic acid yield results analogous to 
those for aqueous solutions. Any slight discrepancies between 
acidity values given by different indicators is not considered 
significant in this type of work.
It is concluded that, from a practical standpoint,
Hq values for sulphuric-acetic acid mixtures are capable of 
yielding useful information, although the exact theoretical 
standing of these values is not in all respects clear.
Acidity Function and Reaction Rate.
Probably the most useful property of H is the fact 
that it has been shown by Hammett (96) and others to be related 
in a simple manner to the velocity of many reactions catalysed 
by strong acids. Of the many examples, those quoted by 
Hammett (19e) are the hydrolysis of sucrose and cyanamide in 
aqueous strong acid, and the decomposition of formic acid and 
the Beckmann rearrangement of acetophenone oxlme, both in
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Goncentrated sulphuric acid solutions. In all these reactions 
a plot of log k against yielded a straight line of slope 
-1 and no correlation was obtained using other measurements of 
acidity. The generally accepted mechanism in these reactions 
is the preliminary formation of the conjugate acid of the 
substrate by acceptance of a proton followed by a rate- 
controlling reaction of this complex. Hammett postulated that 
log k will be proportional to H^ provided that the ratio of 
the activity of the starting material to that of the transition 
state changes with the medium In the same way as the indicator 
ratio f g / This is reasonable only if the transition
state varies from the original molecule by only a proton.
This hypothesis was given some support by the results 
obtained with the halogénation of acetophenone (109) which 
showed a very poor correlation between specific rate and 
acidity function, but a satisfactory proportionality between 
rate and concentration of oxonium ion. This latter reaction 
showed a general acid catalysis, being catalysed by bisulphate 
ions, and has a rate-determining step in which the transition 
state contains, in addition to acetophenone and a proton, a 
water molecule which is in the course of becoming an oxonium 
ion. This complex arises during the reaction of the conjugate 
acid of the ketone with a water molecule to give the enol:
KH+ + HgO ----^ E + HgO"^
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Hammett also showed (19e) that multi-protonation 
would give a plot of log k against Hq with a slope numerically 
equal to the number of protons present in the transition state. 
The decompositions of oxalic and citric acid both show a slope 
o f —2 •
Since the earlier work of Hammett, systematic 
application of H^ measurements to the study of reactions, 
mainly by Long, has demonstrated the value of the method for 
a variety of reactions. Long and co-workers conclusively 
showed the existance oi two types of mechanism for the acid- 
catalysed hydrolysis of lactones. They obtained a slope of 
-1 with a straight line plot of log k against PIq forP -lactone 
(n o ) which differed from the results obtained for V-butyro- 
lactone which showed a proportionality with molal concentration 
but not Hq (111). Thus the latter reaction was said to take 
place via a mechanism requiring a water molecule in the 
transition state, the former being a simple proton ad duct,
The acid-catalysed hydration of iso-butene (112), and the 
hydrolysis of methylal (113) were both shown to give a straight 
line of almost unit slope in a plot of log k to H^. The 
depolymerisation of paraldehyde (114) was found to give a 
slope of -1.16 for strong acids, but for the weak acids, 
potassium bisulphate, di- and trichloroacetic acid the rate 
was very much greater than that deduced from H^. This was
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said to be due to catalysis by species other than a solvated 
proton in the case of the weak acids. The slight deviations 
from unit slope obtained with nearly all these reactions was 
in general attributed to the influence of salt effects.
Gold and Hilton (115) have studied the influence of 
perchloric, sulphuric and phosphoric acid on the hydrolysis 
of acetic anhydride in aqueous acetic acid over a wide range 
of acidity (4,1 units of H^). In most instances the plot of 
]#g k and H^ was linear (some deviations are recorded) but with 
slopes lying between -0.7 and -1.3. The deviations and non- 
unit slopes were ascribed to a possible temperature effect on 
Hq and to an inconsistency of activity coefficients because of 
a salt effect.
Previous observations of the correlation of rate 
with acidity in essentially anhydrous acetic acid have been 
rather limited. The first was by Conant and Hall in 1927 (80) 
and also by Conant and Bramann (116). A kinetic study led to 
the relationship between the specific rate of acylation of 
(B-naphthol by acetic anhydride in acetic acid in the presence
of several acids and buffers, and an electrometrically
y
determined acidity, pH(CHgCOOH) (p.6 8 ) . A plot of log k
against pH(CHgCOOH) for the strong aoid catalysts perchloric, 
sulphuric . .naphthalensulphonic was found to yield a single 
straight line of unit slope. Hall has since shown from
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unpublished data of Conant that Hq = 2+pH(CHgC00H), (73).
Paul (117) correlated the data of Waller and 
Chadwick (118) on the acid catalysed decomposition of trioxane. 
A plqt of the log of the first order rate, k, against H^ for 
sulphuric and perchloric acids in water and for sulphuric acid 
in acetic acid was found to give a single linear function with 
unit slope. The data for the acetic acid experiment were 
rather limited* The author also noted that the rate values 
for a 1 molar solution of sulphuric acid in acetic acid were 
about the same as for a 6.5 molar solution in water, which 
corroborates the higher values of H already noted.
For the rate of condensation of benzaldehyde and 
acetophenone, to yield chalcone, in anhydrous acetic acid 
with sulphuric acid as catalyst, Noyce and Pryor (119) obtained 
a straight line of unit slope for the plot of log k against Hq .
In addition to the present work Gudraundsen and 
McEwan have also obtained a straight line of unit slope for 
the acid-catalysed decomposition of organic azides (discussed 
on p. 98) in sulphuric-acetic acid solutions.
The rate of bromlnation of m-nitroacetophenone in 
sulphuric-acetic acid mixtures was shown by Paul and Hammett 
(105) not to show a simple proportionality between log k and 
Hq . The plot, whilst linear, had a slope of about 1.6, which 
meant the rate of reaction increases more rapidly with
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Increaslng sulphuric acid concentration than does the 
stoichemetric concentration or the activity of sulphuric acid. 
Sodium bisulphate had very little catalytic effect on the 
reaction, showing that neither the bisulphate ion or the 
molecular acid were acting as catalysts. Thus the reactions 
did not appear to follow the same general acid-catalysed 
behaviour as found in aqueous solutions and it was said that 
’’specific effects were present in the acetic acid which were 
absent in the aqueous solutions” . It can be seen, however, 
that in this class of reaction there is a deviation from a 
simple relationship between the rate of reaction and both 
in aqueous and acetic acid solutions.
From these examples it is inferred that it is possible 
for to have a simple relationship with reaction rate (unit 
slope for a plot of log k vs» H^) for a certain class of acid- 
catalysed reactions in acetic acid as well as in aqueous 
solution. Thus conclusions may be drawn for a slope of -1 in 
a linear plot of log k and similar to those outlined for 
aqueous solutions. Hammett (19e) has also claimed that the 
relationship signifies specific lyonium-ion catalysis by the 
solvated proton CH^COOHg. Foster (120) also postulated
*4* ^
specific lyonium-ion catalysis by the CH^COOHg ion for the 
reaction between phenol and styrene in a sulphuric-acetic acid 
mixture. When one considers the extremely low dissociation
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constant for these mixtures, and hence small number of CH^COOHg 
ions, it is difficult to believe that this ion alone is 
responsible for catalysis and protonation as measured by 
in these reactions. Examining the ionisation system outlined 
for sulphuric-acetic acid mixtures on p. 72 one finds the 
following entities: H SO , H SO ,CH„COOH, HSO'.CH COOH+,
CH^COOHg, and HSO~, all of which could act as possible proton 
donors and catalysts. Hence it was considered advisable in 
the present work to consider any relationship with H^ in the 
widest sense as being a correlation with the total proton- 
donating power of the solution and not with any specific 
catalytic entity.
-90-
DISCïïSSIOH
Mechanism of the Decomposition of 9-Aziaofluorene In
Sulphuric-Acetic Acid Solution 
The asid-catalysed rearrangement of 9-azldofluorene 
was Inferred by Arcus and Mesley to be by preliminary 
protonation, followed by a rate-determing loss of nitrogen 
with rearrangement. It is considered that the following 
equation is in keeping with the experimental results:
NH—N—N
/  %  y  \
In the present work the reaction has been found to be 
essentially first order in azide concentration. If the 
rearrangement with loss of nitrogen is rate-controlling, as 
expected, then the rate of reaction will have a first order 
dependence on the concentration of the protonated azide inter­
mediate. The concentration of the latter will be directly 
proportional to the concentration of the azide if the original 
protonation is a fast labile equilibrium, as is usual with
proton-transfer (1 2 1).
The results show a direct proportionality between
the rate and h , as given by the slope of unity for the graph
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of log rate versus -H^. Since = - log (a^^) - log 
( )  the rate of reaction can be seen to be directly 
proportional to the over-all activity of the hydrogen ion in 
the solution to a power of, essentially, unity. This is 
providing, of course, that the activity-coefficient ratio can 
be taken as sensibly constant with the various indicators 
used in the determination of for sulphuric-acetic acid 
solutions.
The relationship with H is taken as proof that the
o
reaction consists of the formation and rate-determining 
decomposition of an activated complex consisting of the 
original molecule plus a proton. This assumption is in 
agreement with the general requirements for this type of 
relationship outlined in the section on H and reaction 
mechanism. It was also shown that a slope of unity in the 
log rate versus graph is indicative of mono-protonation, 
only, having taken place. The possibility of further 
protonation to yield the species (XIX), (XX), and (XXl!', is 
not excluded, however,
(XIX)
R.îlHg-fex
+ H+ H+ + + +
R.HH-N2N -— or ^ R.NHg-N=NH
(XIV) . . (XXX)
r .n h-h=5h
(XX)
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but that rearrangement proceeds through any of these Is 
considered unlikely: (XX) and (XXI) imply the separation of
protonated nitrogen, whereas nitrogen appears to have no 
basic properties, and rearrangement through (XIX) implies 
doubly-protonated phenanthridine, in which molecule accommo­
dation of a second proton is hardly possible.
It is concluded that mono-protonation of the azide 
is the condition required for reaction, which then proceeds 
by the rate-controlling rearrangement of the ion (XIV).
The decomposition of the protonated azide is presumably by 
virtue of an instability introduced by the proton, possibly 
depressing the stabilising resonance of the molecule and 
introducing more triple-bond character into the -ÿg group.
It is not believed that linearity between log rate 
and extend to acidities much below those used in the present 
experiments. Preliminary experiments, during which practicable 
conditions for kinetic measurements were being sought, implied 
that there exists a threshold acidity below which decomposition 
does not occur. This point has already been shown in the 
isolation of the azide as a product in the reaction of hydrazoic 
acid with certain fluorenols, particularly by the use of 
trichloroacetic acid as catalyst. These results show the 
extreme dependence of the reaction on acid-strength, and it 
is assumed that at these low acidities the preliminary 
ionisation equilibrium is so far over towards non-protonation
-93-
of the azide as to virtually halt the reaction.
The account of conditions prevalent in the 
sulphuric-acetic acid solution, already given, make it clear 
that it is difficult to locate the exact species acting as 
proton-donor. A direct proportionality between log rate and 
-H^ is usually ascribed to specific lyonium ion catalysis.
It is difficult, however, to correlate a specific lyonium ion 
catalysis with the very low concentration of CHgCOOHg"*" ion in 
sulphuric-acetic acid mixtures, and the relatively large 
concentration of other potential proton donating species viz. 
the hydrogen bonded and ion-pair sulphuric-acetic acid 
complexes, the bisulphate ion, and possibly the sulphuric acid 
molecule (pp. 88-09). Thus it is preferred to think of the 
catalysis in the most general sense as depending on the 
donation of a proton, the donor not necessarily being a lyonium 
ion. The aggregate protonating effect of the different species 
is measured by the hydrogen ion activity in sulphuric-acetic 
acid as deduced from the indicator study on which is based.
From the evidence on ion agglomeration in acetic 
acid it is considered that both the protonated azide and the 
phenanthridinium ion probably exist in solution largely as 
ion-pairs with the bisulphate ion, and that the rearranging 
entity is an ion-pair rather than a free cation. It is not 
considered that this would have any unusual affect on the 
rearrangement•
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The activation energy found for the rearrangement, 
23.4 kcal./mole, does not differ markedly from those found by 
Gudmundsen and McEwan for azido-diphenylmethanes and 
-lilrdiphenylethanes: e.g., the value quoted for azidodiphenyl-
methane is 21.2 kcal./mole. These values are very close to 
those quoted for similar rearrangements such as the Schmidt 
reaction on phenanthrenequinone (122) and the Curtius and 
Lossén rearrangements (123) which involve a C to N shift and 
the breaking of an N—X bond.
Mechanics of the 9-Azidofluorene Rearrangement•
It is apparent that there are, theoretically, two 
paths open to the rearrangement of the protonated azide. As 
the Ng molecule is released, bearing the electrons of the 
-NH-Èg bond, either of the following may occur in order to 
restore the stable configuration of a complete octet on the 
N atom:
(a) migration of the phenylene group to the 
nitrogen, resulting in ring enlargement with 
the formation of the phenanthridinium ion (XV);
(b) migration of the group R to nitrogen giving 
an intermediate which, by loss of a proton, 
yield the N-substituted-9-iminofluorene (XXII).
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+
R NH—N=N R HR
-V : V  ^  V î B  <
'  "  " 7  ^  . r  f  Y  T  ^  « *
^TZZZZZ-/ \sja3E3ir/^
v / "
fxiv) (XV) (XXII)
In actual fact (a) always occurs an(3 (b) has not been 
observed during the hydrazoic-sulphuric acid reaction with 
any iluoren-9-ol nor during the acid-catalysed decomposition 
of any 9-azidofluorene. Only in the case of the non­
catalysed thermal decomposition of secondary 9-azidofluorenes, 
when R = H, does (b) occur. In this case the migration of 
an H atom rather than a phenylene group appears to offer a 
more facile route to a stable configuration. These latter 
reactions are dealt with more fully in Part III of the present 
thesis. As would be expected from a process involving the 
transition of a five-membered ring to a six-membered aromatic 
ring, ring enlargement via migration of the phenylene group 
is greatly favoured.
It has been described on p. 8 how certain related 
reactions proceed with a high retention of asymmetry, and, 
probably, of configuration, indicating intramolecular 
exchanges of bonding at one fact of the carbon atom. It is 
therefore considered highly probable that the rearrangement
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of the protonated 9-azldofluorene is also an intramolecular 
process; occurring as follows :
A y  + Nj
N=N
The rearrangement is considered to proceed by the simultaneous 
loss of a molecule of nitrogen and Intramolecular migration of 
the Ring A, As the Ng molecule recedes. Ring A is con-
"4*
tinuously bonded to the CH-NH fragment, the four electrons 
originally constituting the nitrogen lone pair and the 
A-CH bond finally appearing as the A-NH bond and the 
electrons of the CH=$H bond. Thus the migrant group (Ring A) 
behaves as an electron donor in this mechanism, which is in 
keeping with the experimental result that the most important 
factor influencing the migratory aptitude of the ring is its 
capacity for electron release at the point of attachment to
No direct evidence for the simultaneous migration 
of the phenylene ring and loss of nitrogen exists, the reasons 
for thinking this to be so are discussed more fully on pp. 102 
-109 when considering the claim that similar rearrangements 
proveed via a preliminary loss of the nitrogen and subsequent 
migration in the residue.
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Inference as to the Mechanism of the Aold-catalysed Reaction
between Fluoren-9-ol and HNg.
A mechanism for the complete reaction of hydrazoic 
acid on fluoren-9-ol in the presence of sulphuric acid is 
proposed as:
H OH
2 HgS0 ^
■X
(XI)
«H,
(XVI)
-X + HgO + 2HS0^
(XII)
ITH
+
X
(XV)
H
-H
+H
(XIII)
k y
(XIV)
-X
The original ionisation of the alcohol is now well 
established, and some of the proof of its occurrence in the 
above reaction has already been given (p# 42), and need not 
be further dealt with. Similarly, reaction with the hydrazoic
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acld molecule has also been proved by the isolation of an
intermediate azide from the reaction, as the ij.atter can only
be formed in the manner shown.
Some doubt exists as to the actual form of the
hydrazoic acid tnolecule when attacking the carbonium ion.
Generally it has been assumed to react as but the
++
multi-protonated species , which is the most highly
protonated form of hydrazoic acid that still possesses a 
lone-pair, has also been proposed (122). Specht, Sherk 
and Browne (5) suggested a mechanism for the formation of 
aminomonopersulphuric acid from hydrazoic and fuming sulphuric 
acids involving the formation and subsequent decomposition of 
the mono-protonated species.
HNg + HgSO^  »  HgNg + H80%
V s   " <  + ^2
It seems likely that hydrazoic acid is capable of existing 
as a protonated form in the strongly acid sulphuric acid 
solution. Although by analogy to the azide one would expect 
a decrease in stability and a tendency to lose nitrogen on 
protonation, this does not seem to happen to any great extent, 
except at higher temperatures. A point against protonation
is that reaction of a fluoren-9-ol to give the azide in the
presence of trichloroacetic acid has been described. The
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reasop given for the stability of this azide is that in­
sufficient protonation to the less stable form takes place 
and this decomposition does not occur. It would appear 
unlikely that the trichloroacetic acid would protonate the 
hydrazoic acid molecule if it failed to protonate the azide, 
and yet the formation of the azide still took place.
One concludes from this rather conflicting evidence 
that whilst hydrazoic acid in a strong acid such as sulphuric 
probably exists mainly as a protonated molecule, it is also 
capable of combining with the carbonium ion to form an azide 
under conditions where protonation is unlikely, and probably 
does so as the unchanged molecule. It has been shown (p. 01). 
that the most likely intermediate for the rearrangement of the 
azide is the mono-protonated form (XIV)| thus if attack to 
form the azide is by a protonated hydrazoic acid the additional 
proton or protons must split off either during combination or 
subsequently. The actual form of the hydrazoic acid molecule 
is not, therefore, of any direct importance as to the mechanism 
of the rearrangement.
The present kinetic studies have shown that an 
equilibrium will exist between the protonated and normal 
molecules (XIV and XIII), and it has been concluded that the 
rate-determining step of the whole reaction, at least for 
those reactions where the azide has been obtained as a product,
—100—
is the decomposition of the protonated azide. The oyer-all 
rate of reaction will thus be dependent on the concentration 
of (XIV) and hence on the protonating power of the solution.
The importance of the acid strength of the catalyst 
was first pointed out by Newman and Gildenhorn (13), both for 
the Schmidt reaction and for the decomposition of benzazide.
The role of the acid catalyst in the decomposition of this 
latter azide was elaborated by Sherk, Houpt and Brown (5) and 
by Smith and Brown (124) when they postulated a preliminary 
protonation of the azide to an unstable form followed by 
decompos ition.
Ege and Sherk (27) stated qualitatively that the 
rate of reaction of hydrazoic acid with diarylethylenes was 
proportional to the strength of the acid catalyst; the 
following acids were listed in order of decreasing catalytic 
efficiency;
sulphuric, ethane-sulphonic; trifluoroacetic;
stannic chloride; trichloroacetic.
Similar results were obtained by Arcus and Marks (p. 49) for 
the reactions of benzofluoren-9-ols and the intermediate azides.
In the reaction of a fluoren-9-ols with hydrazoic 
acid in the presence of an acid catalyst, the latter has been 
shown to fulfil two functions. It involves, firstly, the 
production of a carbonium ion, sufficiently polar to attract
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the hydrazoic acid molecule and to form a bond with it. The 
second part the catalyst plays is to ensure the decomposition 
of the adduct formed by displacing the equilibrium toward the 
unstable protonated form.
These conclusions were confirmed in the experiments 
preliminary to the kinetic runs when 9-azidofluorene was found 
to be stable below a certain threshold acidity. One may 
assume that below this level of acidity insufficient proton­
ation takes place to cause any appreciable decomposition. 
Similar observations have already been described for several 
substituted fluoren-9-ols where the azide was obtained as the 
product of the reaction with hydrazoic and trichloroacetic 
acids. In these cases it would appear that the f luoren-9-ols 
were sufficiently basic to accept a proton and thus form the 
necessary carbonium ion, whilst the protonated azide so formed 
did not retain a proton, but passed almost completely to the 
non-protonated compounds. With fluoren-9-ol itself no 
reaction took place with hydrazoic and trichloroacetic acid 
and it is inferred that the level of acidity is too low for 
this alcohol to form carbonium ions.
The preliminary experiments also illustrated the 
fact that at the same concentration of acid with a given azide 
it is the resistance of the solvent to protonation which 
determines the rate of reaction, or, indeed, whether or not
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roaction takes place at all. The basicity of the alcohol and 
azide in relation to that of the solvent will govern the 
capacity of these bodies to compete with the solvent for 
available protons, and will thus have a marked effect on the 
reaction.
In conclusion it may be said that, for reaction to 
take place, the fluoren^9-ol and azide must be sufficiently 
basic relative to the solvent, and that the catalyst must 
be of such acid strength as to secure protonation of both 
these species.
Related Work.
The only kinetic experiments of any direct importance 
are by Gudmundsen and McEwan (71) who, since the completion of
the present research, have recorded rates of acid catalysed
decomposition of substituted azido-diphenylmethanes and 
-l:l-diphenylethanes. The principal stages in the reaction 
were given as follows:
+
 ^ ^ H +
CRPh(CgH4X) .kH-N=N  CRPh(CgH4X) .NH.NîM
(XXIII) (XXIV)
-------- CR(C H^X)=foph + CRPh=SH(CgH^X) +
(XXV) (XXVI)
(where R = H or Me)
CPh(CgH4X)=NH COPhXCgH^X)
(X X V II )  ( X X V I I I )
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The proton adduct of the azide undergoes decomposition and 
rearrangement to yield the protonated Schiffs* bases (XXV) 
and (XXVI) in which, respectively, a phenyl and a substituted 
phenyl group have migrated to the nitrogen atom.
The experiments were carried out in a sulphuric- 
acetic acid solution and the course of the reaction was 
followed by measurement of the evolved nitrogen. The results 
gave a rate equation of:
- d [azide]/dt = k[azide]ho 
where the reaction is first order with respect to agide and 
proportional to h for the medium. The energy of activation 
for azidodiphenylmethane was found to be 21 .2 kcal./mole.
These experimental findings are in good agreement with those 
of the present work.
The above authors deduced a mechanism, however, for 
the decomposition of the azide in which release of nitrogen 
and rearrangement are not synchronous, but proceed in two 
stages, the intermediate (XXIV), of finite life, intervening 
between the protonated azide and the products of rearrangement 
The mechanism is opposite to that for 9-azidofluorene which is 
taken to occur via a simultaneous rearrangement and loss of 
nitrogen. The findings that the nitrogen-evolution is first 
order in azide and linear with hydrogen ion activity do not 
permit distinction between these two mechanisms since both
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postulate a unimolecular decomposition of the monoprotonated 
azide•
It was considered necessary to critically consider 
this conclusion in some detail because if substantiated it 
would be important in relation to the conversion of 9-azido­
fluorene into phenanthridine. The above conclusion is, 
however, considered to be Incorrect, and to have been arrived 
at by a derivation which contains a fallacy.
The data contained in the derivation are the rates 
of decomposition of the azldodiphenyl-methanes and -ethanes, 
and the migration ratios determined by McEwan and his co­
workers (25, 26) and by Ege and Sherk (27),
The principal argument upon which the authors base 
their conclusions, that nitrogen-evolution and migration of 
an aryl group are not synchronous, is as follows:
let k = rate constant for nitrogen-evolution
k^ ,^ /y\ = ” ” ” migration of Ph
%(Ph) = .............................
it then follows that if the migration and loss of nitrogen 
are synchronous ,
^ ^Ph(X) *  ^X(Ph) 
and the product-ratio P = yield of (XXV) = ^x(Ph)
yield of (XXVI) ^Ph(x) 
hence k = kp^^^jd + P)   (9)
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This Is transformed Into a form containing terms which have 
been used in plots based on the Hammett equation by division 
by the rate constant for nitrogen-evolution from 
unsubstituted azidodiphenyl-methane or -ethane, and conversion 
into logarithmic form
log (k/kg) = log(kpj^(x)Ao^ + log(l + P)  -----  (10)
It was then stated that for the nit rogen-evolution and 
migration to be synchronous a plot of log(k/k^) versus 
log(l + P) should be linear of slope +1. However the slope 
actually turns out to be +2, and therefore the reactions were 
said to be not synchronous i.e. loss of nitrogen precedes 
migration.
The validity of this test depends on the first term 
in the right hand side of (lO) being constant, i.e. on the 
constancy of for all the azides of a given series
G H P h ( C g H ^ X ) o r  CMePh(CgH^X).Ng . That this is not so 
can be shown as follows; the initial assumption /ar nitrogen- 
evolution and migration being retained (8) and (9) remain 
valid, and, from the latter, values of kp^^%) can be calculated 
by insertion of the experimental values of k and P for the 
various azides. Values of kp^,^. for azidodiphenyl-methanes 
and -ethanes are given in Table 1; it is seen that they 
vary within each group.
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Insert Ion in (lO) of these two sets of values for
^Ph(X) each instance, naturally, to unit slope with
respect to log(l + P),
Further, it may be noted that the total rates (k)
for the decomposition of azido-m-chloro-, -p-bromo- and
-jg-chloro-diphenylmethane are less than that of 
(=tk^) for unsubstituted azidodiphenylmethane, and similarly 
for !).-azido-l-£-chlorophenyl-l-phenylethane and the 
unsubstituted compound. The rate constants for the migration 
of phenyl in the substituted compounds above must be less than 
kph(ph)> the conclusion in this instance being adduced without 
the need for reference to product ratios.
Gudmundsen and McEwan*s plot of logCk/k^) versus 
log(lfP) can thus be seen not to have any diagnostic value.
Also the plot itself is not very satisfactory; these authors 
state that they have excluded the data for azido-p-methoxy- 
diphenyl-methane since these values do not lie in a linear 
plot of logCk/k^) versus the Hammett sigma function, and that 
in the azidodiphenyl ethane plot (which consists of three points 
only) the product-ratio of Ege and Sherk (2 7) for 
azido-l-phenyl-l-^-tolylethane instead of that of McEv/an et.al. 
(25).
Synchronous loss of nitrogen and migration of an aryl 
group was considered by the authors to be Inconsistent with two
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other circumstances relating to the plots of log P and 
log(k/kQ) versus the sigma function: (A) Theidata for
azidq-methoxydiphenylmethane lie on the first but not on the 
second plot, as defined by the data for other azidodiphenyl- 
methanes, This means that the product ratio plot is linear 
whilst the kinetic plot can be drawn as a shallow curve,
(B) The second plot passes through the origin but the first 
does not.
It may be relevant to (A) that the reaction of the 
p-methoxy- compound is the most rapid of all the azidomethane 
decompositions, and that the value of k(25°) was obtained by 
extrapolation of results at 5, 10, and 15°. Under these 
circumstances it would appear doubtful if any mechanistic 
significance can be placed on the result, and that the kinetic 
plot can be reasonably assumed as linear.
With regard to (B) the equations which have been 
obtained for the two above plots are as follows:
Azido-diphenylmethanes log (k/k^) = -2.26 6  (a)
log P = -2.03^ + 0.237 ------(b)
Azido-diphenylethylenes log (k/k^) = -3.16 6   (c)
log P - -2.11 ^  + 0.293 ------(d)
The equations (b) and (d) for the plot of log P versus the 
sigma function are empirical, but logically the plots should 
pass through the origin corresponding to the unsubstituted
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compound, where p=0 and^=0. However, this should apply 
equally well whether the product-ratio refers to the rearrange­
ment of the protonated azide (XXIIl) or the postulated inter­
mediate (XXIV), Further, in an earlier paper McEwan and 
Mehta (p, 15) have compared (d) with the migrational aptitudes 
of various substituted phenyl groups in the Schmidt reaction 
on a series of substituted benzoic acids, as given by the 
half-life of the reaction measured by the nitrogen evolution: 
log [ t^ ^/t^ ^ (benzoic acid)] = -1.97 ^   (e)
A comparison between (d) and (e) led them to the conclusion 
that migration and loss of nitrogen were synchronous in the 
two reactions studied. The intercept in (d) was said to be 
"probably due to some systemic error in the experimental data 
possibly related to by-products which were not investigated".
As there is no reason for giving any more significance to the 
intercept in the later work, comparison of (a) and (b) would 
thus lead to the conclusion that they are in sufficient agree­
ment to be compatible with a synchronous migration and loss of 
nitrogen. The divergence in (c) can probably be ascribed to 
the lack of experimental da-sa with which to deduce the equation.
There appears, with regard to the mechanism of 
rearrangement of the alkyl azides, no reason to think that loss 
of nitrogen and migration of an aryl group are not synchronous. 
In this case the intermediate would not therefore intervene in
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the c purse of the reaction. Although a mechanism involving
(XXIV) is indeed a possibility, two considerations are against 
it. (I) Simultaneous entry of an aryl group at the rear of 
a nitrogen atom from which a nitrogen molecule is being 
released would be expected to be energetically favoured.
(Il) It appears probable that the intermediate (R=H) formed 
from an azido-diphenylmethane, would release a proton to yield 
the ^mine (XXVII) and, on hydrolysis, the benzophenone (XXVIII). 
These products are those corresponding to hydrogen-migration, 
and as such are stated never to have been isolated from the 
reaction-mixtures of any of these azido reactions of diaryl- 
methanols. In the acid-catalysed decomposition of azido- 
fluorenes, the 9-imino-fluorenes and fluorenones, the analogues 
of (XXVII) and (XXVIII) have not been encountered. In contrast, 
as later discussed, the imine is the characteristic product of 
the non-catalysed (e.g. pyrolytic) decomposition of a secondary 
9-azldofluorene.
It is concluded that the mechanism of the rearrange­
ment of a protonated azido-diphenyl-methane or -ethane is 
such that movement of the migrating group and release of 
nitrogen are simultaneous.
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X'
CR-NH 
(XXIX)
CR=NH
+
+ IL
X (XXX)
Hence the rate-data of Guomundsen and McEwan should be 
partioned by means of the product-ratlos to yield the rates 
of migration of phenyl and of substituted phenyl groups.
These rates are recorded in Table 1; together with
the values of the Hammett sigma function (I9b) for the groups
X. It is apparent for both series that increasing electron-
release by the substituent X, as measured by an algebraically
decreasing value for the sigma function, in general promotes
the rate of migration of both the phenyl and the substituted
phenyl groups. Also, for both series the influence of
substituent X on is less than on This is
consistent with the circumstance that, as regards k the
X( Ph )
substituent is directly attached to the migrating group, whilst 
with respect to kp^^/^\ it exerts, by modifying the electron- 
availability at the site of the rearrangement CR-NH in (XXIX) 
 ^  (XXX) , a less direct control of the migrating phenyl
group,
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Table 1.
Rates of Rearrangement of Dlarylazldo-methanes and -ethanes
Series SubStIt- 
uent X.
k X 10^0 
L./mole f  
sec at 25°
P Ref.
xlO^O
%X
xlO^O
m—Cl +0.373 38.5 0.27 26 30.3 8.2
£-Br +0.232 67.9 0.58 26 43*0 24.9
CHPh
1
2- c i +0.227 66.3 0.67 26 3 9 .7 26.6
H 0 .0 225 1.00 - 113 113
2 -Me -0.170 507 3.44 26 114 393
2-MeO -0.268 2160 6.50 26 290 1870
0.62 24 9.3 5.8
% £-Cl +0.227 15.1
0.30 27 11.6 3.5
CMePh
1 2-P +0.062 52.5 1.77 25 19.0 33.5
C6H4X
H 0 .0 70.3 1.00 — 35.2 35.2
5.0 24 22.5 113
£-He +0.170 135
4.0 27 27.0 108
^ Average of all values at 25°
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EXPERIMENTAL
The Preparation of Reagents
Q-Azidofluorene.
9-Azldûfluorene was prepared from the hetcne via 
the qarbinol and 9-chloro-compound. The reduction of the 
ketone to the carbinol was carried out with satisfactory yields 
by sodium amalgam. This method, however, could be conveniently 
carried out on a small scale only, and reduction with aluminium 
isopropoxide was used on a larger scale.
Fluorenol, on being heated with concentrated 
hydrochloric acid, was easily converted into 9-chlorofluorene, 
The latter by a replacement reaction v/ith sodium azide yielded 
9-azidofluorene. From an attempt to prepare the azide by 
reaction of fluorenol with trichloroacetic acid and sodium ,
azide, the fluorenol was recovered.
[l] Fluoren-9-ol
Reduction of Fluorenone with Sodium Amalgam.
[ Method of Backmann (125) ]
2% Sodium amalgam was prepared by reacting sodium 
and mercury under nitrogen. Clean sodium (6i.9 g.) was placed 
in a three-necked flask, and mercury (340 g.) added through a 
tap funnel. Initially, mercury 10 ml. was added, the flask 
warmed until a rather violent reaction set in, and the 
remainder of the mercury added slowly. The resultant molten
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mlxture was poured into a mortar to set solid.
Sodium amalgam {2%; 150 g.), dry ether (65 ml.), 
dry benzene (65 ml.), ethyl alcohol (99^; 6.5 ml.), and
fluorenone (9.5 g.; m.p. 83°) were shaken together mechanically 
for three hours in a stout bottle. The initially dark brown 
mixture became a yellow-green thick liquid. This mixture was 
poured into cold water (150 g.) _ln a separating funnel, and 
the mprcury run off. Some solid separated but dissolved on 
the addition of ether (20 ml.). The organic layer was 
separated, washed with water, and dried over sodium sulphate.
On evaporation of the ether the product separated from the 
benzene (50 ml.). The product v/as filtered off, dried in a 
vacuum over paraffin wax, and formed a shite crystalline 
powder (7.9 g.; m.p. 155°).
A further crop of fluorenol (0.6 g.; m.p. 154°) was 
obtained by reducing the bulk of the benzene to 20 ml., and 
adding light petroleum (b.p. 40-60°).
Reduction of Fluorenone with Aluminium Isopropoxide.
Aluminium foil-strip (50 g.) and isopropyl alcohol 
(800 ml.) were allowed to react under reflux on a steam bath, 
until complete solution was obtained, mercuric chloride (l g.) 
being used to initiate the reaction. A solution of fluorenone 
(61 g.; m.p. 82°) in dry benzene (250 ml.) was added to the 
isopropoxide solution, and boiled under reflux for four hours.
-114-
The lowest boiling fraction, carrying any acetone formed, 
was allowed to distil by the use of a reflux air condenser, 
to the top of which was fitted a normal distillation apparatus. 
After four hours the excess solvents were distilled under 
redufced pressure until a fairly viscous liquid remained.
This residue was poured with stirring into ice-cold 3N. 
sulphuric acid (3 L.). The precipitate was collected and 
washed with 3N, sulphuric acid, followed with water. The 
resulting buff solid was dried, first in air, and then in a 
vacuum, to give the crude fluorenol (50.5 g.; m.p. 142-143°). 
The solid at this stage had a pinene-like odour.
The crude solid was heated under reflux with benzene 
(500 ml.) and charcoal (1 g.), and the solution filtered. On 
cooling, fine crystals separated from the yellow solution and 
were collected. After drying in a vacuum over paraffin wax, 
fluorenol was obtained as white crystals (37.7 g.; m.p. 
153-154°). The filtrate, on standing, gave a further crop 
of crystals which were collected and dried to give a white 
solid (3.3 g.; m.p. 153°). Evaporation to 100 ml. and 
cooling, produced further crystals from the now orange-yellow 
solution. The crystals collected were washed with light 
petroleum (b.p. 40-60°; 15 ml.), and dried to give slightly 
cream crystals (2.5 g.; m.p. 152°). The total yield of 
fluorenol after recrystallisation was 43.5 g.
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[ll] ’9-Chlorofluorene. [Method of Arcus and Mesley (28)].
Fluorenol (22 g.; m.p. 155°), was suspended in 
concentrated.hydrochloric acid (200 ml.) and the mixture 
’’boiled” gently for ten minutes. Care was taken that the 
solid did not melt to an oil, as this caused a discoloured 
product. The mixture was cooled, filtered, and the solid 
product was dried in a vacuum over sodium hydroxide pellets 
for two days yielding 9-chlorofluorene (22.7 g.) as a cream 
solid, m.p. 89-90^.
[ III ] 9-Azldofluorene.
Reaction of Sodium Azide and 9-Chlorofluorene.
9-Chlorofluorene (5 g.; m.p. 89-90°), dissolved in 
absolute methyl alcohol (15 ml.), was heated under reflux with 
sodium azide (2.5 g.) for four hours. The reaction mixture 
was then poured into ice-water (150 g.), contained in a 
separating funnel, and extracted with ether (3x75 ml.). The 
ethereal extract was washed with 2h. sodium hydroxide solution 
(2x50 ml.), water (2x50 ml.), and dried over anhydrous sodium 
sulphate for twelve hours. The ether solution was evaporated 
under reduced pressure at room temperature to give a pale 
yellow solid (4.7 g .; m.p. 40-42°).
The yellow azide was dissolved in ethyl alcohol 
(96^ ,* 45 ml.) with warming, charcoal was added, and the
solution filtered. On cooling the solution and adding water
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(4 ml.), crystals separated which were collected, and dried in 
a vacuum to give white needles (2.7 g.; m.p. 44.5°). Water 
(5 ml.) was added to the filtrate, and the solution cooled, to 
give white needles (0.6 g.; m.p. 44°). A further crop of 
crystals (0.2 g.; m.p. 43-44°) was obtained on the addition 
of more water (8 ml.) to the filtrate. The total yield of 
9-azidofluorene after recrystallisation was 3.5 g.
Recrystallisation of a specimen of 9-azidofluorene 
to constant melting point gave a value of 44.5°.
For kinetic runs only those crystals with a melting 
point not less than 44° were used. The age of the azide used 
did npt exceed two weeks and was usually less. The material 
was stored in a stoppered bottle kept in a dessicator in a 
dark cupboard. Under these conditions the pure azide was 
found to be quite stable over a period of four weeks. The 
coloured material of a low melting-point was found to become 
more yellow after a few days.
9-Azidofluorene (0.3 g.) was found to dissolve in 
anhydrous acetic acid (1 ml.) at 25°.
in the Presence of Trichloroacetic Acid.
Run (a). Sodium azide (1.3 g.), chloroform (20 ml.), and 
trichloroacetic acid (20 g.) were stirred at room temperature 
for thirty minutes. Fluorenol (1.82 g. ;  m.p. 153°) was added
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to the above mixture, with continuous stirring, over a period 
of thirty minutes, and stirring continued for a further hour.
The reaction flask was immersed in ice-water throughout the 
reaction. The resultant mixture was poured into ice-water 
(150 g.), and kept overnight* The chloroform layer was 
separated washed with saturated bicarbonate solution (2x25 ml.), 
and water (2x25 ml.). The solution was allowed to stand over 
anhydrous sodium sulphate, and evaporated to dryness at room 
temperature under reduced pressure to give a white solid 
(1.45 g.; m.p. 153-154°).
Run (b). Sodium azide (2.6 g.), chloroform (20 ml,), and 
trichloroacetic acid (40 g.) were stirred together at room 
temperature. Fluorenol (3.6 g.; m.p. 153°) was added slowly 
over thirty minutes, and the mixture stirred for a further 
2& hours at 30°. The reaction mixture was poured into ice- 
water (200 g.) and treated as in Run (a); it gave a buff 
solid (2.0 g.| m.p. 124-126°). The product (1.0 g.), on 
recrystallisation from ligroin (50 ml.) yielded white platelets, 
which were collected and dried in a vacuum over paraffin wax 
to give fluorenol (0.7 g.; m.p. 155-156°).
Phenanthridine.
Phenanthridine was obtained from L. Light & Co. Ltd., 
as a cream powder, m.p. 108°. This material (10 g.) was 
dissolved in light petroleum (b.p. 60-80°), and on cooling was
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colleoted as white crystals (9,1 g.; m.p. 108°). 
Recrystallisation to a constant melting-point gave a value 
of 108°.
Phenanthridine (0.5 g.) dissolved in anhydrous acetic 
acid (1.2 ml.) at 25°,
Phenanthridine (0.6 g.) dissolved with difficulty, 
on being shaken for fifteen minutes, in a mixture of anhydrous 
acetic acid (30 ml.) and sulphuric acid (100^; 7 ml.) at 25°.
No solid separated on standing for 24 hours at 25°.
Anhydrous Sulphuric Acid.
Pure oleum was prepared by evaporating sulphur 
trioxide from heated oleum, and absorbing the gas in ’’Analar” 
sulphuric acid. The oleum thus obtained was adjusted to 
sulphuric acid (100^) by titration with concentrated sulphuric 
acid. This sulphuric acid (100^) was recrystallised, and 
adjusted to give a maximum freezing-point.
Pure Oleum.
Sulphur trioxide was evaporated from oleum (26^ 
free SO^; 100 ml.) in an all glass distilling apparatus.
The latter consisted of a Liebieg condenser with an air-vent, 
and with B19 cones at each end arranged to take a receiving 
and a distilling flask directly without further joints. No 
grease of any kind was used on these joints. It was found 
necessary to clean the apparatus very thoroughly to avoid
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discolouration of the product. The apparatus was immersed 
for some time in chromic-sulphuric acid cleaning mixture, 
followed by rinsing with distilled water, alcohol, acetone, 
water, and finally baking to dryness at 120°. The apparatus 
was erected quickly whilst still hot from the oven. An 
electric mantle was used as the heat source. The sulphur 
trioxide gas was absorbed in "Analar” sulphuric acid.
Sulphuric Acid (100^).
The pure oleum was diluted with ”Analar” sulphuric 
acid, the final dilution being completed by titration to 
cessation of fuming, as in Part 1 of the present thesis (p. 35). 
The product of titration was cooled at 0° until about one half 
had solidified, the remainder was then decanted off and dis­
carded. This sulphuric acid (100^) was then adjusted to give 
a maximum freezing-point.
Freezing-point Determination.
In principle the Beckmann method was used to measure 
freezing-points, the apparatus of Fig. 3. being employed.
The head of the cell, a B34 standard socket, carried all the 
necessary fittings viz. two BY standard cones, one accommodating 
the stirrer and the other providing an aperture for the 
addition of liquids, and B14 cone for the thermometer. The 
stirrer consisted of a glass spiral, which was operated 
manually by a long thin glass rod. Vapour was prevented from
Figure 3
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enterlng the aperture by the ten cm. long close-fitting stirrer 
jacket, and the chamber at the top thereof packed with 
dessicated cotton wool. The thermometer was calibrated to 
0.05°, and could be read to 0,01°. It was held in place by 
a tight-fitting rubber sleeve sealed with picein wax. The 
freezing-point cell was enclosed by an air-jacket provided 
with an upward sloping arm. The jacket was surrounded by a 
water-bath.
In order to take a freezing-point measurement 
sulphuric acid (about 40 g.) was introduced into the cell.
The temperature of the acid was kept at 9.5° by adjusting the 
water-bath temperature. Crystallisation was started by 
touching the outside of the cell with a solid piece of carbon 
dioxide, inserted by means of a holder down the side of the 
air-jacket. The steady maximum temperature reached after 
crystallisation had commenced was accepted as the freezing- 
point .
The freezing-point of the sulphuric acid was adjusted 
by the addition of either dilute oleum or ’’Analar” sulphuric 
acid. The maximum freezing-points obtained lay between 10.36° 
and 10.39° on the thermometer employed. These values were 
used solely for comparative purposes within the present work, 
and are not intended to provide a result comparable (to e.g. 
the second place) with values in the literature. It was for
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this reason that any thermometric or supercooling corrections 
and adjustment to the international scale (-0.05° at 10°) 
were not applied.
In practice it was found that very little, if any, 
adjustment had to be made to the acid obtained by titration 
and crystallisation.
The sulphuric acid thus prepared was stored in
capped stoppered bottles. The freezing-point of the stored
material was checked from time to time, and if necessary the
acid was adjusted to give a maximum value.
Density.
Pound by weighing a 20 ml. flask full of sulphuric 
acid (100^), and then containing water.
Mass of sulphuric acid = 36.441 g.
Mass of water = 19.894 g.
d|| = 1.832
Anhydrous Glacial Acetic Acid.
Glacial acetic acid was purified by distillation and 
recrystallisation. Recrystallisation was carried out by 
freezing part of the glacial acetic acid and decanting off the 
residual liquid. The acetic acid was recrystallised twice, 
distilled, and further recrystallised three times to give a 
constant freezing-point. The bulk of the acid was reduced to 
about one tenth of the original.
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The method for determing the freezing-point was
the same as with the sulphuric acid. The acetic acid was
o
supercooled to 15 before the initiation of crystallisation 
with solid carbon dioxide. The constant freezing-point 
obtained was 16.45°.
The pure acetic acid was stored in capped stoppered 
bottles, and the same stock of acid was used throughout the 
kinetic runs.
Density.
Determined as for sulphuric acid.
Mass of acetic acid = 20.813 g.
Mass of water = 19.894 g.
a 25 = 1.046
25
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Prellmlnary Acid-Catalysed Decomposition Experiments on
9-Azidofluorene.
A series of experiments were carried out to find 
a suitable acid catalyst and solvent for the kinetic measure­
ments, Certain general features of the acid-catalysed 
decomposition of 9-azidofluorene appeared from these experi­
ments, The reaction is very sensitive to the acid-strength 
of the medium, and below a certain threshold-acidity the 
azide is stable. This is shown in the failure of glacial 
acetic acid, trichloroacetic acid in chloroform, aqueous 
hydrochloric acid in acetone, and sulphuric acid monohydrate 
in acetone, to promote reaction. Concentrated sulphuric acid 
in a solvent such as nitromethane results in a vigorous 
evolution of nitrogen and a large temperature rise. However, 
when the acid strength of sulphuric acid is reduced by a 
readily protonated solvent such as acetic acid or dioxan there 
is a falling off in the rate of decomposition, until at a 
certain low acidity the azide is stable. With sulphuric 
acid in a medium such as acetic acid or dioxan it was thus 
possible to obtain a smooth decomposition together with 
controllable variation of rate with acidity, as required for 
kinetic runs. The variation of decompos it ion-rate was found 
to be more easily controlled with sulphuric-acetic acid as 
solvent; further, this combination gave homogenous solutions.
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9~azldofluorene and its decomposition products being soluble 
in the mixture.
The method used for these preliminary runs was 
essentially the same as for the kinetic runs, but an earlier 
form of the apparatus was used. The flask was agitated by 
an eccentric shaker, and immersed in a water-bath, the temp­
erature of which was controlled roughly by the addition of 
hot or cold water. No jacket was placed around the nitro­
meter. The upper bulb of the reaction flask was graduated to 
allow the addition of successive known amounts of acid.
The sulphuric, acetic^ and trichloroacetic acids 
were of ”Analar" quality, and the solvents dioxan, chloroform, 
and acetone were dried over calcium chloride and distilled.
9-Azid ofluorene (approximately 0.003 mole) was 
contained in the lower bulb, usually being dissolved in half 
the total solvent shown in Table 2 , The catalyst (e.g.
sulphuric acid), dissolved in the remainder of the solvent, 
was run in from the upper bulb to initiate the reaction. The 
flask was shaken throughout and the volume of nitrogen evolved 
was followed on the nitrometer, ■ Where decomposition took 
place a transient green colour appeared, changing to yellow, 
and after standing, to dark red. The more vigorous reactions 
resulted in a considerable rise in temperature.
The results obtained from these experiments are 
tabulated in a qualitative form (Table 2), The times for
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Table 2 .
Preliminary Azide Decomposition Results
Azide
g.
Acid
ml.
Solvent 
Total ml.
Bath
Temp?
Decomposition
Sulphuric Acetic
Acid
0.658 0.5 30 10 nil
50 nil
65 nil
85 nil
100 steady
0.779 nil 20 25 nil
4.5 24.5 25 steady, t =124 min*U # w
0.726 4.0 24 25 steady, tQ^^=202 min.
0.631 5.0 25 25 steady, t^ ^=50 min.
Sulphuric Dioxan
0.681 0.5 30 20 nil
1.5 35 20 nil
2.5 35 20 vigorous
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Table 2. (cent.)
Preliminary Azide Decomposition Results
Azide Acid Solvent Bath Decompos it ion
S' ml. Total ml. Temp?
Sulphuric Nitro­
methane
0.652 0.5 20 0 fast, t^ ^=15min.
0.662 0.5 20 20 vigorous, tg g=70sec.
0.656 1.0 20 20 vigorous, t^ ^=40sec.
0.596 0.5 30 10 vigorous, t^ ^=345sec,
0.526 0.5
Sulphuric
mono­
hydrate
30
Acetone
20 vigorous, t^ ^=152sec,
0.610
0.610 0.5
Trichloro
-acetic
30
Chloro­
form
20 nil
0.576 2.0 g.
Hy d ro- 
chloric 
Cone.
10 20 nil
0.621 10 10 25
35
50
nil
nil
nil
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half-decomposItion quoted are only approximate, owing to the 
speed of reaction and initial temperature rise, and no 
corrections of any sort were applied in the calculation.
Preliminary Quantitative Rate Measurements.
A preliminary series of quantitative experiments 
(Runs 1 to 10, Table 8) were carried out in a similar fashion 
to that described later for the main runs. The ten runs were 
at different acid concentrations and volumes of solution, with 
approximately the same weight of azide (0.003 mole). On the 
basis of the experimental observations in these runs were 
decided the techniques, apparatus and quantities used in the 
later runs, and the method of calculation was developed using 
the results. These latter showed that the logarithm of the 
velocity of the reaction had a linear relationship with 
Hammett’s acidity function H^.
Quantitative Rate Measurements.
Apparatus.
The apparatus for the quantitative rate measurements 
is shown in Fig. 1 and consists essentially of a device for 
measuring the gas evolved and a reaction vessel.
Gas Measuring Apparatus.
The conditions to be fulfilled by the nitrometer
design were as follows;
Figure I.
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Buret te jacket
(a) that the volume be determined at known temp­
erature and pressure,
(b) that the volume changes within the apparatus 
be registered quickly and accurately,
(c) that the connecting tubes be of minimum volume, 
impervious and flexible,
and (d) that nitrogen be insoluble in any liquids used.
The specifications for the apparatus were as follows:
Gas burette : capacity 100 ml.; calibrated to
0.2 ml,, readable to 0.1 ml. 
glass tube cms. diameter; with 
inlet at bottom for pumped thermostat 
water and outlet at the top returning 
to the thermostat.
calibrated in 0.1°, readable to 0.05°, 
thick walled glass tubing of internal 
diameter 0.2 cm.
thick walled rubber pressure tubing. 
B14 standard cone, 
transformer oil.
Essentially, the nitrometer consisted of a simple 
constant-pressure gas burette. The volume readings could be 
taken by raising or lowering the reservoir, which was 
suspended by a pulley system, until the two levels were at
Jacket thermometer 
Connecting tubes
Flexible connections
J oint
Reservoir liquid
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equal heights. At this point the internal pressure would be 
atmospheric minus the vapour pressure of the solution. Atmo­
spheric pressure was given by a Fortin barometer, and the 
vapour pressure of the solution calculated from available data.
The burette was enclosed in a water jacket, the water 
being circulated from the thermostat by an electric pump at 
the average rate of 300 ml. per minute. This arrangement 
ensured that the temperature gradient along the connecting 
tube was kept small. In this way the temperature variation 
of this small volume could be ignored.
All rubber to glass joints were sealed using picein 
wax, silicone grease being used for the B14 cone. These 
precautions were proved to be adequate by the retention of a 
constant volume under a pressure of about 60 cm. of transformer 
oil.
Transformer oil was the liquid used in the reservoir. 
The solubility of nitrogen in this liquid is given as 0.085 
volumes (reduced to N.T.P.) in one volume of the oil when the 
pressure is one atmosphere at 25° (72). Also, the oil was 
kept saturated by the frequent runs, or where necessary by 
standing under a small pressure of nitrogen. The solubility 
of nitrogen in the reaction solution would vary with composition 
and is unknown. However, the solubility in acetic and 
sulphuric acid is quoted as 0.109 and 0.0155 volumes respect-
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ively In one volume of the liquid under conditions as above 
(72).
Water would be unlikely to accumulate in the apparatus 
with the frequent anhydrous acid experiments. However, 
between runs a small flask containing sulphuric acid was 
attached to the B14 cone.
Nitrometer Standardisation.
The tube of the gas burette was fitted with a tap 
at the base so that the known volumes of transformer oil could 
be run out. To fill the burette, oil was sucked up through 
the tap by applying a vacuum to the top of the burette.
A 100 ml. graduated flask was cleaned, dried and 
weighed. Transformer oil was run into the flask in 10 ml. 
lots, and each successive lot weighed. To allow for drainage 
an interval of fifteen minutes was allowed before the final 
burette reading was tkaen for each addition.
The density of the transformer oil was found by 
determining the weight of oil, and of water, to fill the flask 
to the mark. Knowing this, the volume of transformer oil 
corresponding to volumes on the burette could be calculated 
(Table. 111. )
The thermostat and burette jacket were kept at 25° 
throughout the experiment.
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Results.
Density of the transformer oil:
Mass oK oil = 85,647 g.
Mass of. water = 99,457 g.
Volume of flask = 99,79 ml. 1 g, of water at 25°
occupies 1.003 ml. 
thus 1 g. of oil at 25° occupies 1.165 ml.
Table. 3 .
Nitrometer Standardisation
Bur
Read.
ette
Vol.
Transf
Weight
‘ormer Oil 
Calc. Vol.
Correction
4,4
15.5 11.1 9.63 11.21 +0,1
25.0 20.6 17.80 20.73 +0.15
35.0 30.6 26.39 30.74 +0.15
45.0 40.6 34.97 40.73 +0,15
55.0 50.6 43,55 50.72 +0.1
65.4 61.0 52.43 61.50 +0.05
75.0 70.6 60.75 70.76 +0.15
85,0 80.6 69.30 80.70 +0.1
94.0 89.6 76.87 89.60
!
1
-__
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The corrections were small and virtually constant 
throughout the whole volume, thus no corrections were necessary 
as the volumes were calculated by difference.
Reaction Vessel,
The conditions to be fulfilled by the design of 
the reaction vessel were as follows:
(a) reagents mixed rapidly and completely to establish 
zero time.
(b) heat dissipated quickly.
(c) reaction maintained at a controlled temperature.
(d) stirring should be efficient to prevent super­
saturation by gas, and also at a constant rate.
(e) apparatus should be impervious to attack.
(f) a method of equalising pressure when the reagents 
are added should exist.
(g) be of a convenient size.
(h) be leak-free.
(i) reaction temperature be observable where necessary.
The specification of the final reaction vessel was 
as follows;
spherical, capacity 95 ml. 
conical, capacity 160 ml. 
bore 4 mm.
B14 standard cones and sockets.
Pyrex glass.
Upper bulb 
Lower flask 
Tap 
Joints 
Material
im  .         t nw-.. ..................... .
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By preliminary experiments the most satisfactory 
method of carrying out the reaction was found to be by running 
a fairly dilute solution of sulphuric acid (100^) in acetic 
acid into a stirred solution of the azide in a small volume 
of acetic acid. The effect of this procedure was to cut 
down any temperature rise which had been shown to be due 
mainly to heat of dilution of sulphuric acid by acetic acid#
To this end the upper bulb of the reaction flask was made 
capable of holding most of the sulphuric-acetic acid mixture 
used in the experiment, this mixture being run into the lower 
conical flask through a wide-bore tap. The time of discharge 
through the tap varied between 7 and 15 seconds depending on 
the viscosity of the solution. Very little error was thus 
involved in taking the zero time as that when the tap was 
opened. The tube joining the upper and lower bulbs was 
designed to keep the pressure equalised during the mixing 
process. To secure complete immersion in the thermostat it 
was found necessary to make the upper bulb out of the vertical 
with the lower bulb.
Where necessary, a thermometer reading to 0.01°, 
tightly sealed into a B14 cone by means of an outer sleeve of 
rubber tubing waxed with picein, could replace the B14 stopper. 
By arranging the bulb of the thermometer below the surface of 
the reaction mixture, any temperature changes were easily 
followed.
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All joints and taps were lubricated with silicone 
grease, and held in position with elastic bands.
Efficient stirring was carried out by a magnetic 
stirrer, the stirrer being a piece of polythene-covered iron 
3 cm. in length; glass was found to be unsuitable as a cover­
ing for the soft iron owing to its brittle nature and its 
abrasive effect on the flask. The conical shape of the lower 
flask was found to aid stirring. The motor and magnet of the 
stirrer were sealed in a water-tight brass box, which was 
totally immersed in the thermostat, and acted as a base for 
the reaction vessel. Two brass tubes leading above the 
water acted as vents, and carried the wiring. The speed of 
stirring was adjusted by a rheostat.
The thermostat for the reaction flask consisted of 
a glass tank of 35 litres capacity. Temperature control to 
-0,02° was obtained using a spiral glass toluene regulator in 
conjunction with a ”Sunvic” control. An electric light bulb 
immersed in the water acted as the heat source. % e n  working
at the higher temperatures two bulbs were used; one being 
alight continuously and the other was controlled by the 
regulator. At these elevated temperatures lagging was placed 
round the tank. One stainless steel paddle was used to stir 
the water in the tank.
Standardisation of Thermometers.
Two N.P.L.-tested thermometers were used as standards
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one over the range 25°-40° (No. l) and the other for 40-45° 
(No. II). The comparison between these and the thermometers 
used during the experiments was carried out by clamping them 
in close proximity immersed in the thermostat adjusted to the 
required temperatures. The thermostat temperatures are 
quoted in the Experimental Section to the nearest 0.05° after 
correction.
Table 4.
Standardisation of Thermometers.
N.P.L. Standards 
Corrected
Thermometers
a P
(I) 25.06 25.00 25.07
30.00 30.00
35.01 35.00
40.0V 40.00
(II) 40.03 40.00
45.16 45.00
Standardisation of the Stop-watches.
The two stop-watches used in the experiments were 
checked against Greenwich Mean Time. Over thirteen hours 
watch (A) gained 1 min. 5 secs, and watch (B) lost 5 secs.
Both these times make any correction unnecessary as 
they are well within any limits of experimental error.
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Experimental Procedure for the Quantitative Runs.
Previous to the start of a run the thermostat and 
jacket temperatures were allowed to come to equilibrium. If 
a period of time elapsed between runs the system was allowed 
to stand over concentrated sulphuric acid with a pressure of 
nitrogen of about 60 oms. of transformer oil. For acceptance 
that leaks were absent, the burette reading had to remain 
constant for a period of not less than one hour under this 
latter pressure.
The reagents used in the experiments were of a 
standard quality as described under these compounds. The 
reaction flask was cleaned thoroughly with sulphuric-chromic 
acid cleaning mixture, rinsed with distilled water, acetone, 
water and finally baked dry at 120^.
Approximately the correct amount of 9-azidofluorene 
was transferred to the already cleaned and weighed flask using 
a metal scoop, and the weight adjusted to that required using 
a narrow spatula. The tap and stoppers were inserted in the 
flask ready for the acids, only the tap was greased, and the 
whole was weighed (to -0.01 g,). The requisite amount of 
sulphuric acid was pipetted into the top bulb, losing as little 
time as possible, and the flask reweighed. Acetic acid was 
similarly pipetted into the flask (50 ml. into the upper bulb, 
and 10 ml. into the lower) and the whole weighed. All
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pipetting was carried out using a ’’Pumpett”, and with pipettes 
previously cleaned, and rinsed with water, alcohol, ether, and 
air-dried by applying a vacuum to one end.
The polythene-covered stirrer, having been placed in 
the lower flask, the stopper, or thermometer, was inserted, and 
the reaction flask joined to the nitrometer via the B14 joint. 
All joints and the tap were silicone-greased, and held in 
position with elastic bands. After gentle rotation of the 
flask to mix the contents it was clamped in position over the 
centre of the magnetic stirrer. Immersion was to a point 
half-way up the B14 joint in the upper bulb. The flask was 
allowed to stand for at least an hour with the magnetic stirrer 
operating to attain a constant temperature, and a constant 
reading on the nitrometer. The latter having been adjusted 
so that the oil level was at the top of the graduation. The 
rheostat control of the magnetic stirrer was always kept to a 
fixed position to ensure a constant rate of stirring.
To start the reaction the tap was quickly opened and 
the stop-watch started (taken as zero time). Readings were 
taken every minute for the first five minutes, and then at 
intervals depending on the speed of reaction. Volume readings 
were found by adjusting the level of the reservoir until the 
two oil levels were at the same height, and taking the reading 
on the scale at the requisite time. Where possible a slight
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negative pressure was maintained between readings so as to 
eliminate drainage. Readings were taken throughout the day 
until the required time of reaction had been covered, and a 
final reading at approximately 24 hours; in certain cases 
readings were taken over a longer period than 24 hours until 
the evolution of nitrogen had ceased completely. When the 
reaction mixture was left overnight the jacket pump and 
magnetic stirrer were switched off, but the thermostat con­
tinued to function; next day, the pump and stirrer were 
switched on and equilibrium attained before readings were 
taken.
Treatment of Results.
The kinetic properties of the acid-catalysed 
decompositions were calculated from the measured rate of 
evolution of nitrogen. Certain features of the reaction have 
a bearing on the determination of the exact volume of the 
nitrogen evolved, and on other aspects of the method of 
calculation, and these will now be dealt with.
Products of the Decomposition.
Reaction media.
V/hen the two, clear, colourless solutions of azide- 
acetic acid and sulphuric-acetic acid were mixed, a transient 
light green colour formed which faded in a few minutes to a
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pale yellow4 The colour of the reaction mixture darkened 
throughout the reaction until in the later stage it became 
dark yellow or light orange. On further standing the colour 
deepened to orange or red. In general the solutions became 
turbid toward the end of the reaction due to the separation 
of a fine precipitate. No correlation between the rate and 
extent of colour- or precipitate-formation, and variation in 
acid strength or azide concentration was found.
Neutral Insoluble Material,
The insoluble material was filtered off, and obtained 
as a buff, orange, or red solid. It was found to be insoluble 
in water, absolute methanol, and dilute sodium hydroxide.
After being washed with water and methanol the solid was 
left as a light buff, fine powder, m,p, greater than 300°.
The quantities obtained are shown in Table 5. Qualitative 
analysis showed sulphur and nitrogen to be absent. Arcus 
et al, found similar non-basic products to be formed from 
fluoren-9-ols, these however, contained sulphur, and are 
described as probably being of a polymeric nature.
No correlation could be found between the time of 
onset of precipitation, or yield of the insoluble, and acid 
or azide concentration.
For the determination of the insoluble material the 
reaction solution and precipitate were transferred carefully
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from the reaction flask to a No. 1 sintered glass filter, the 
flask being rinsed out with glacial acetic acid. The buff, 
orange or red residue was washed with successive portions of 
water and of methyl alcohol; this washing removed the colour 
and left a light buff fine powder, which was dried at 100° and 
had a m.p. greater than 300°. The reaction mixtures from ten 
experiments were treated in this fashion.
Basic Product.
The basic product of the reaction was identified as 
phenanthridine. Quantitative determination of the phenan- 
thridine formed gave yields of 91 to 98^ (Table 5). Small 
losses from transference and by solubility in the aqueous 
dilution-media are unavoidable. Taken in consideration with 
the almost quantitative yields of nitrogen obtained in most 
of the experiments, these yields are considered to be proof 
that the reaction essentially gives only phenanthridine as 
product (a small non-basic by-product is described above) and 
that side-reactions appropriates only a very small part of the 
9-azidofluorene•
The determination of the phenanthridine was carried 
out on the filtrates from the insoluble material. These were 
transferred to a beaker and diluted to 200 ml. with water; 
this solution was neutralised slowly with cooling and stirring 
with dilute ammonia solution (two parts water, one part 0,88
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ammonia), An excess of the ammonia solution (50 ml.) was 
added after neutralisation. The base precipitated as a 
flocQulent white solid. If, on neutralisation, the temperature 
were allowed to rise unduly the base would coagulate as an oily 
brown solid impossible to filter off; even at low temperatures 
the base tended to form a film on the glass surface which made 
quantitatively complete transfer on to a filter difficult.
A No. 1 sintered glass filter was used to collect the solid, 
which was washed with dilute ammonia solution (two parts of 
water to one part of 0.88 ammonia) and dried in a vacuum over 
sodium hydroxide pellets. The base was obtained as a cream 
solid, m.p, 101-103°, mixed m*p* 107-108°, and was recrystal­
lised from light petroleum (b.p. 60-80°) to a constant m,p.
108°, mixed m.p, 108°, ( mixed m,p. with authentic
phenanthridine having m.p. 108°).
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Table 5.
Recovery of the Reaction Products
Run
No.
Acid 
^ w/w
Azide
g.
Phenanthridine
.......
Insoluble
g.
g. %
1 22.65 0.631 0.501 91,6 0.02
2 17.25 0.632 0.511 93.2 0.09
5 26.6 0.633 t 0.01
6 22.6 0.633 + 0.02
14 29.96 0.622 0.525 97.6 0.025
16 36.62 0.622 0.494 91.8 0.045
19 18.16 0.622 0.519 96.5 0.01
25 25.5 0.353 $ 0.032
35 25.5 0.790 0.633 93.2 0.021
54 25.5 0.353 0.291 95.3 0.031
$  not worked for phenanthridine.
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The Effect of Phenanthridine on the Reaction Rate.
The effect of phenanthridine on the reaction rate 
was investigated by carrying out a run in the usual way with 
an approximately equimolar quantity of this base (m.p. 108°; 
0.00326 mole.) added to the azide (Run 8). The results of 
this run were compared (Table 8) to analogous runs without 
added phenanthridine (Runs 4 and 7); the comparison showed 
that added base results in a depression of reaction speed.
Initial Temperature Rise.
On mixing the reagents a rise in temperature was 
obtained, due almost entirely to the heat of dilution of the 
sulphuric-acetic acid solution by the azide-acetic acid 
solution. With the acid concentrations used in the kinetic 
runs the amount of azide taken has a relatively small effect 
on the initial temperature rise; data for similar runs with 
and without azide show very little difference in the temp­
erature rise (compare runs 15 and 16 with 44, and 54 with 31; 
Table 6). The dilution effect is shown by the extreme 
dependence of the temperature attained on the ratio of the 
acetic acid taken in the upper bulb to that in the lower with 
the same amount of sulphuric acid. Similarly, with runs 7,
9, 10 which are of the same proportionate strength, but with 
varying volumes, the temperature rise is greatest where the 
most dilution takes place on mixing the contents of the bulbs.
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The technique for the final kinetic runs was to take 
the maximum convenient quantity of acetic acid (50 ml.) in the 
upper bulb with the sulphuric acid, and to run this into a 
solution of the azide in a small quantity of acetic acid 
(10 ml.). Under these conditions the maximum temperature 
rise obtained was 0.85° for the strongest acid solvent with 
36,5^ HgSO^. This value decreased to 0.5° for acid containing
28.5% HgSO^. MoSt of the heat evolved from the stronger acid
was dissipated in the first 30 minutes and with the weaker in 
ten minutes. No correction was made to the final kinetic 
data to allow for this heat rise. However, the method of 
calculation was designed to give less weight to the initial 
period of the reaction so that the error was thus minimised 
to some extent.
The data in Table 6 were obtained by a thermometer, 
calibrated to 0.05°, Immersed In the reaction mixture. The 
Table shows the change In temperature from the Initial reading 
with time, and also gives the maximum temperature-rise attained 
on mixing.
-145-
Table 6,
Initial Temperature Rise
Run No. 15 16 44 54 31 7 9 10
Azide g. 0.622 0.622 nil 0.790 nil 0.630 0.574 0.646
Sulph. 20 20 20 12 12 7 14 21
Acid ml. 
Upper 50 50 50 50 50 15 50 75
(Acetic 
Acid ) 
Lower 10 10 10 10 10 15 10 15
Time
min.
Temp
Rise
(max) 0.85O 0.85° 0.8° 0.45° 0.5° 3.1° 0.45° 0.6°
1 0.8 0.85 0.7 0.3 0.4 2.7 0.4 0.5
2 0.75 0.75 0.65 - 0.2 0.7 - -
3 0.7 0.7 0.6 0.2 0.25 0.2 0.3 0.35
4 0.6 0.65 0.55 0.1 0.2 0.05 - 0.35
5 1 0.5 - 0.45 0.1 0.15 - 0.2 0.3
10 0.4 0.5 0.35 0.05 0.15 — 0.1 0.25
20 0.2 0.2 0.15 0.0 0.1 - - -
30 1 0.1 0.1 0.05 - 0.0 - - -
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Initlal Gas-Evolutlon.
On mixing the reagents in the two compartments of 
the reaction flask, with stirring, there was an initial fast 
evolution of gas. This varied between 0.9 and 2.1 ml., and 
was given off in the first two minutes after mixing. The 
initial evolution was attributed to dissolved gases coming 
out of solution at the time of mixing, owing to stirring 
effects and possibly to the slight heat rise and the addition 
of sulphuric acid as solute to the acetic acid in the lower 
bulb. It was found, on back-extrapolating the nitrogen 
evolution from the azide runs and thus determining the extra 
volume evolved initially, and comparing this volume with the 
evolution from comparable runs without azide, that the initial 
evolutions in both cases were similar (compare runs 34 and 36 
with 31 and 32, Table 7). Thus it was assumed that the azide 
played no part in the initial evolution. V/hen a high thermo­
stat temperature (i.e. 45°) was used there was very little or 
no cmomalous initial volume increase, the gases having pre­
sumably come out of solution to a greater extent, before mixing, 
at this temperature. It would appear from this that the 
initial evolution is purely physical and is not due to any 
chemical reaction which would almost certainly be more vigorous 
at the higher temperature.
The volume of gas evolved during the azide-
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decompositions was corrected for this initial yield of 
dissolved gas* This was done by extrapolating back the volume 
readings for the first ten minutes and taking the starting 
volume reading so deduced as a basis for calculation. In the 
case of most acid set of experiments, i.e. 15, 16 and 5 7, with 
36.5% sulphuric acid, it was found, because of a slight time 
lag for mixing, that even with the dissolved gases the volume 
given off in the first minute was less than in subsequent 
minutes. Thus it was impossible to extrapolate back to find 
the volume of dissolved gas and hence the corrected starting 
volume. For this reason correction was applied to these runs 
as follows: blank experiments were carried out and the mean
volume of gas evolved in these was added to the initial volume 
reading of the kinetic runs to give the corrected zero volume, 
V/hilst the method of correction by extrapolation is 
a good approximation, slight error does exist because of the 
small time lag for proper mixing, and hence full reaction.
The effect of this being that less nitrogen is given off in 
the first minute than would be expected from the extrapolation 
of subsequent minutes. However, this effect is negligible in 
all but the fastest runs described above, because of the small 
volumes involved. With respect to the finite time required 
for initial mixing, the fact that in nearly all cases the time- 
volume graph goes through the theoretical zero, points to the
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Table 7,
Correction for Initial Gas Evolution
Run
No.
Azide 
. 8 '
%
H2 8 O4
Time
min. 0
Cor.
Zero
Vol.
1 2 3 4 5
Init.
Cor.
Vol.
34 0.474 25.4 20.1 21.4 21.8 22.2 22.6 23.0 23.3 1.4
36 0.622 25.4 7.9 8.9 9.4 10.1 10,8 11.4 11.9 1.0
31 O.nil 25.4 Vol. 8.1 9.5 9.6 9.6 9.6 9.6 1.5
32 nil 25.4
Read 
ml. 12.9 13.6 13.6 13.6 13.9 13,8 0.9
15 0.622 36.6 11.5 12.7 14.2 18.8 23.0 26.9 30.5 1 .2*
16 0.622 36.6 9.8 11.0 12.6 17.7 22.1 26.1 29.8 1.2
44 a 
44b
O.nil
nil
36.6
36.6
9.6
13.4
...
10.7
14.7
10.7
14.7
10.6
14.7
10.6
14.7
10.6
14.6
1.0
1.3
from mean of runs 44a and 44b
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initial time and volume taken not being far removed from the 
true values. Only in the case of the fast reactions (Runs 15,
16 and 57) did there occur any discrepancy between the observed 
and theoretical graphical zero points and in this case the 
times were adjusted by moving the axis to correct for this, the 
adjustment was 0.7 min. in all three cases. Table 7 gives a 
series of runs illustrating the points made. All volumes quoted 
are direct readings of the nitrometer, and those shown in square 
brackets are the values taken as the initial volume.
Corrections to the Gas Volume.
The pressure of nitrogen in the reaction vessel was 
atmospheric minus the vapour pressure of the solution. The 
atmospheric pressure was read off a Fortin barometer, but the 
vapour pressure had to be calculated as no data for the vapour 
pressure of sulphuric-acetic acid solutions have been recorded 
for the range required.
As an approximation it was considered that acetic 
acid is dimeric, and that sulphuric acid exists as a 1:1 
molecular complex with acetic acid. In a solution composed 
of p moles of sulphuric acid and q moles of acetic acid, there 
is present & (q - p) moles of the dimer (CH^COOH)^, mole 
fraction (q - p) / (q + p), and by Raoult's Law the vapour 
pressure of the solution is:
V'f'CHgCOOH X (9 - P) / (9 + P),
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which represents a correction of about l/lOOth. atmosphere at 
25°.
Thus the pressure under which the nitrogen exists is:
(barometric pressure) - V.P. x (q-p)/(q+p)
The vapour pressure of the acetic acid at the various temper­
atures was obtained from the literature (72b), the values, 
taken in mm. being: 25°, 15.7; 30°, 20.5; 35°, 26.6; 40°,
34.9; 45°, 55.1. Whilst the vapour pressure thus obtained
was not an exact value it was considered to give a result for 
the total pressure which lay well within any limits of experi­
mental error.
The temperature of the collected gas was that given 
by the thermometer in the water-jacket in the nitrometer. Any 
small errors rising from the unjacketed portions of the apparatus 
were considered negligible.
Thus the volume as taken for the calculations (x) 
was obtained from the nitrometer readings by first subtracting 
the initial-gas evolution to give volume (V) and then to correct 
to N.T.P. using the pressure and temperature values given above.
Calculation of Kinetic Results.
The evolution of nitrogen from the azide decomposition 
was found to best fit the general rate-law:
dx/dt = k ’(a-x)^   (1 1 )
-151-
where a is the volume of nitrogen at N.T.P* equimolar
to the weight of azide taken,
X is the volume of nitrogen at N.T.P. evolved
after time t,
t is the time in minutes, 
and k* is the specific rate constant.
The corrected volume x was plotted against time and 
a smooth curve drawn to give a volume-time graph, extending, 
where possible, over the first 75% of the reaction. From this 
graph were obtained the times for evolution of one-half and 
sevenr-tenths of the theoretical nitrogen (a), t^ ^ and t^
The slope of this graph at various points along it, was obtained 
by measuring x for successive fixed intervals of time to give 
e.g. Z\x/At^Q as the change in x over a time interval of ten 
minutes, These values were plotted against the mean reaction 
time t for each fixed period, and a smooth curve drawn through 
the points to give a rate of change of nitrogen evolution 
dx/dt versus time graph. From these two graphs a table was 
prepared giving:
t X (a-x) log^Q(a-x) dx/dt log^^(dx/dt), 
and a graph of logiQ(dx/dt) versus log^^(a-x) drawn.
In general the plot was substantially linear with some deviation 
in the first point or two and then again over the latter part 
of the reaction. When deciding on the line to be drawn through
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these points more emphasis was placed on the middle series of 
points and less on the initial one or two and the last few, 
although this was not carried too far. This procedure helped 
to reduce deviations caused by initial disturbances, and the 
later decrease in acidity of the solution.
It was decided to use the value of the apparent speed 
of reaction at zero time ( d x / d t a s  a basis of calculation, 
to minimise effect due to changing acidity in the reaction 
medium. At zero time we have:
( d x / d t = k'(a)%   (12)
and letting k^ = k*(a)^ ^   (13)
the equation becomes (dx/dt )^ = k^ a   (14)
where k^ is the pseudo first order initial rate constant in 
ml. min"^. Thus (dx/dt) is obtained from the log-log plot 
as -the intercept at zero time, and n is the slope. The slope 
of the logarithmic plot was in general greater than unity the 
average dependence on (a-x) gave a value of n = 1.2.
The overall rate constant k ’ was obtainable from 
Equation (12) above but in fact was not used. It was found 
that the values of the power n were too dependant on the small 
errors in the graphical method and variations in the initial 
temperature rise, for this power to be used as a basis for 
any calculations. Instead of the overall rate constant the
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pseudo first order initial rate constant was used in calcul­
ations, being derived from (dx/dt ) and (a) as in Equation 
(13).
.In their final form the results of the kinetic runs
were Interpreted in terms of (dx/dt) , k., t and t .
o 1 O.o 0./
The effect of three factors, azide concentration,
acid strength, and temperature of reaction, on the rate of
nitrogen evolution were investigated. For each of these a
series of experiments were carried out where one factor was
varied and the other two kept constant:
(a) Variation in azide concentration (Table 9); runs
were carried out where the azide taken varied between 0.790
and 0.251 g. (0.0039 to 0.0012 mole.) in an acid solution of
25.4% w/w (Hq - 4.01) sulphuric acid. The values of
log. ^( dx/dt.) log t and-log_t were calculated and plotted
J. U o 10 O.o XU U . f
against log. initial azide concentration as given by log^Q(a), 
From Equation (12) one would expect a plot of 
logio(dx/dt)q versus log^^a to be linear with a slope giving, 
n, the dependence of the rate of reaction on the concentration 
of azide. In fact the plot (Graph l) was substantially linear
with a slope of 1,09.
The plot oflog^^t^ g and log^^jtQ^.^(GraphIL) were also
found to be substantially linear with slopes of -0.04 and 
-0.02 respectively. It can be shown by substituting in a/2
GRAPH I
25 
24 
23 
22 
2 1 
2 0
loGjq*» f r a c t i o n  
□
□ Z
0
□ □
A A A
A A
0
□
14 1-5 16 17 LOG|o«.
o log^  ^ (dx/dt)^or log kxio*^
A log t 
•^10 0  6
0  l o 9 , o  t...
Two coincident points are marked
Three coincident points are marked x
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and 7a/l0 for x In the integrated form of Equation (11) that:
log t_ , , = constant - (n-l) log a
fraction ^
Thus a log-log plot of the fractional-life times versus "a'* 
having the slopes found shows the reaction to be of the order
1.04 and 1,02.
It was concluded that the reaction is substantially 
first order with respect to azide concentration. The rather 
higher orders obtained both from the above log-log plots and 
the values of n obtained in individual runs were considered 
not tp have any significance in view of the minor factors, 
previously detailed, tending to raise the apparent order by 
their influence on the rate of reaction.
(b) Variation in sulphuric acid concentration 
(Table 10)| runs were carried out taking 0,627 g. (0.003 mole.) 
of azide and decomposing this in acid solutions varying in 
sulphuric acid concentration between 10.1 and 36.5% w/w, which 
gave a range of va lues between -2.87 and -4.85.
^ - log^o and were
plotted against the values of the solutions (GraphHl) to 
give in each case a straight line with slope of 1.03, 1.07 and
1.09 respectively. The log of the rate of reaction thus shows 
a very nearly direct proportionality with H^.
The values of were obtained from a linear plot of
GRAPH n
O '
>o:
191817161*5
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the data of Hall and Spengetnan (73) for sulphuric-acetic 
mixtures against % w/w of sulphuric acid. The solutions of 
these authors were prepared in a similar fashion to those of 
the present work and were essentially anhydrous. Gold and 
Hawes (99) investigated the effect of small amounts of water 
on thp H^ values of sulphuric-acetic acid solutions i.e. the 
correction for one or two g./litre of water amounts to less 
than 0.03 H^ units. Corrections of this order were not con­
sidered significant in view of the scatter of the H^ values of 
Hall and Spengeman and thus any small amounts of water vapour 
absorbed during the experiments, either the present series or 
those of Hall and Spengeman, were ignored.
(c) Variations in reaction temperature (Table 11); 
a series of experiments were carried out where 0.622 g,
(0.003 mole.) of azide were decomposed in a 14.6^ w/w (H^ - 3.21 
at 25°) sulphuric acid solution with thermostat temperatures 
at 25.05, 30.0, 45.05 and 45.15°. A graph of log]_o^i
log..t against l/TxlO^ (Graph 4) provided a linear plot of 
JL 0 O • O
slope -5.22 and -4.98x10 in each case. The values of t^ ^ 
were riot used because at the lower temperatures the reactions 
were sp slow as to cause the measurement of this value to take 
an ipeonveniently long time, although the reaction was shown to 
go to completion at this acidity at 25°.
GRAPH 1
2-5
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Using the Arrhenius relationship :
logigCk^ or tg^g) = - E / 2.303 RT + const.,
where E is the activation energy in cal. mole.
and R is the universal gas constant, and is equal to 1.987 
-1 -1
cal. deg. mole. , the value of the activation energy was 
calculated from the slopes as 24.0 and 22.8 k.cal./mole, 
respectively, giving a mean value of 23.4 k.cal,/mole.
G R A P H  W
l 0 9 „ ( k i  X 10 “^ )
2 0  '
-20
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-25
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RESULTS OF THE QUANTITATIVE RATE MEASUREMENTS
The results are given, firstly collected together in 
their four sections in the form of tables, and then as 
individual runs with full experimental details.
Table 8 .
Preliminary Quantitative Rate Measurements
Run
No.
Azide
g.
Sulphuric 
Acid ml.
Acetic 
Acid ml.
%
w/w
H
0
1 0.6306 5 30 22.6 -3.72
2 0.6315 4 30 17.25 -3.47
3 0.6083 6 30 26.6 -3.94
4 0.6442 7 30 27.7 -4.16
5 0.6332 6 30 26.6 -3.94
6 0.6322 5 30 22.6 -3.72
7 0.6295 7 30 27.7 -4.16
8 . 0.6411 
+ (+0.5828)
7 30 27.7 -4.16
9 0.5736 14
(24,85 g.)
60
(62.95 g* )
28.3 -4.17
10 0.6462 21
(37.50 g.)
90
(94.83 g* )
28.3 -4.17
Note, Runs 1-8 were carried out by running a solution of 
the sulphuric acid in 15 ml. of acetic acid in to the azide 
dissolved in 15 ml. of acetic acid. For Runs 9 and 10 the 
azide was dissolved in 10 ml. of acetic acid and the sulphuric
in the remainder.
■ t Added phenanthridine
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Table 8. (Cont.)
Preliminary Quantitative Rate Measurements
Run a Yield
n
(dx/dt)^
*0.5 ‘o.7 k^xlO^
No. ml.Ng % ml./mln. mln. mln. ml./mln.
1 68.3 - 1.66 0.196 340 - 28,7
2 68.2 - 2.29 0,379 - - 35.0
3 65.8 94.7 1.52 0.446 125 249 67,8
4 69.6 93.7 1.38 0.785 66 129 113
5 68.6 91.0 1.05 0.618 145 - 60.5
6 68.4 98.4 1.46 0.260 212 406 38,0
7 68.1 94.6 1.44 0.817 66.5 123 120
8 69.3 91.3 1.57 0.605 98.5 198 87,0
9 62.0 99.7 1.37 0.807 52 92 130
10 69.9 92.0 1.38 0.879 63
I- __
124 99
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Table 9.
Variation of Initial Azide Concentration 
Temperature 25.05°, 34.1^ w/w 30^(Hq~4.01)
Run
No.
Azide
g'
Sulphuric 
Acid g.
Acetic 
Acid g.
a 
ml.
Yield
^Ng n
to.5
mln.
*0.
mln
20 0.7901 21.66 63.17 85.4 99.4 1.23 106 194
21 0.7898 21.72 62.90 85.4 100 1.24 92 171
54 0.7900 21.69 62.98 85.4 99.5 1.34 104 197
24 0.6217 21,51 62.98 67.2 97.6 1.17 100 183
28 0.6219 21.45 63.05 67.2 99.3 1.28 112 219
36 0.6219 21.476 63.07 67.2 95.2 1.26 92 182
29 0.4738 21.68 63.90 51.2 94.5 1.36 108 212
34 0.4739 21.47 63.07 51.2 94.1 1.37 110 216
42 0.4738 21.60 62.88 51.2 94.7 1.10 91 164
23 0.3542 21.72 62.76 38.3 104 1.39 89.5 161
25 0.3532 21.70 63.97 38.2 104 1.17 107 197
35 0.3532 21.35 62.97 38.2 94.5 1.10 94.7 174
38 0.3532 21.72 62.65 38.2 93.5 1.25 108 195
26 0.2510 21.64 63.25 27.2 93.41
1.39 117 !265
27 0.2511 21.75 63.30 27.2 94.5 1.00 j 100 i 1701
33 0.2508 21.51 63.07 27.1 92.6 1.37 j 110 I 213
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Table 9 . (cont•)
Variation of Initial Azide Concentration
Run
No.
(dx/dt 
ml./mln.
k^xlO^ 
ml ./mln.
logiQa loSlO
(dx/dt
logio‘^0.5 ^°^loto,7
T
20 0.585 68.5 1.9315 -1.2328 2.0253 2.2872
21 0.682 79.8 1.9315 -1.1662 1.9638 2.2330
54 0.627 73.4 1.9315 -1.2027 2.0170 2.2954
24 0.500 74.4 1.8274 -1.3010 2.0000 2.2625
28 0.501 74.5 1.8274 -1.3002 2.0492 2.3404
36 0.552 82.1 1.8274 -1.2581 1.9638 2.2601
29 0.373 72.8 1.7093 -1.4283 2.0334 2.2363
34 0.374 72.8 1.7093 -1.4271 2.0414 2.3345
42 0.385 75.2 1.7093 -1.4145 1.9590 2.2148
23 0.317 82.8 1.5832 -1.4989 1.9518 2.2068
25 0.267 69.9 1.5821 -1.5735 2.0294 2.2945
35 0.270 70.7 1.5821 -1.5686 1.9763 2.2405
38 0.274 71.7 1.5821 -1.5622 2.0334 2.2900
26 0.184 67.7 lv4346 -1.7358 2.0682 2.4232
27 0.187 68,7 1.4346 -1.7283 2.0000 2.2304
33 0.194 71.6 1.4330 ■-1.7122 2.0414 2.3284
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Table 10.
Variation of Sulphuric A d d  Concentration. 
Temperature 25.05°, (a) 67.2 ml. lU
Run
No.
Azide
g*
Sulph. 
Acid g.
Acetic 
Acid g.
%
w/w Ho
Yield
$ Ng
n *0.5
mln.
15 0.6218 36.36 63.28 36.48 -4.48 102 1.33 11.8
16 0.6219 36.38 62.96 36.62 -4.86 102 1.42 10.7
57 0.6217 36.34 63.30 36.47 -4.84 99.7 1.41 12.0
13 0.6222 26.99 63.37 29.88 -4.35 98.5 1.19 49.5
14 0.6223 26.88 62.85 28.96 -4.36 97.2 1.19 48.0
24 0.6217 21.51 62.98 25.46 -4.02 97.6 1.17 100
28 0.6219 21.45 63.05 25.38 -4.01 99.3 1.28 112
36 0.6217 21.47 63.07 25.39 -4.01 95.2 1.26 92
11 0.6213 18.16 63.28 22.83 -3.82 97.1 1.30 230
j 12 0.6218 18.17 63.02 22.38 "3.79 104.0 0.98 180
! 17 0.6213 18.13 61.27 22.84 -3.82 96.6 1.27 197
137 0.6217 18.06 63.00 52.30 -3.78 94.4 1.36 211
18 0.6218 14.40 63.16 18.57 -3.50 104 1.15 357
;i9 0.6217 14.46 63.24 18.61 -3.50 96.4 1.13 304
139 ) 0.6217 14.52 62,96 18.75 -3.51 93.0 1.19 357
22 0.6219 10.84 62.79 14.72 -3.22 97.2 1.00 690
30 0.6216 10.73 62.97 14.56 -3.20 - 1.18 -
56 0.6217 10.82 63.04 14.64 -3.21 — 1.16 -
40 0.6217 7.09 63.10 10.10 -2.87 24 hr.
!41 0.6217 7.07 62.97 10.10 -2.87 24 hr.
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Table 10 (Cont.)
Variation of Sulphuric Aoid Concentration.
Run
No.
*0.7
mln.
(dx/dt 
ml./mln.
k^xlO^ 
ml ./mln.
logioto.5 logioto.7
(k^xlO^)
15 22.9 4.3 640 1.0719 1.3598 2.8062
16 20.9 4.97 740 1.0294 1.3201 2.8692
57 23.8 4.25 632 1.0792 1.3766 2.8007
13 88.5 1.02 152 1.6857 1.9469 2.1818
14 88.5 1.02 152 1.6812 1.9469 2.1818 .
: 24 183 0.500 74.4 2.0000 2.2625 1.8716
28 219 0.501 74.5 2.0492 2.3404 1.8722
36 182 0.552 82.1 1.9638 2.2601 1.9143
11 431 0.222 33.9 2.3617 2.6345 1.5224
 ^12 329 0.253 1 37.6 2.2553 2.5172 1.5752
17 348 0.271 40.3 2.2945 2.5416 1.6053
37 404 0.251 : 37.4 2.3243 2.6064 1.5729
18 657 0.137 20.4 2.5527 2.8176 1.3096
19 587 0.160 23.7 2.4829 2.7686 1.3747
39 654 0.140 20.8 2.5527 2,8156 1.3181
22 0.067 10.0 2.8388 1.0000
30 — 0.064 9.5 — - 0.9777
56 - 0.064 9.5 - - 0.9777
40 0.03 5.0 — — 0.6990
41 - 0.03 5.0 — — 0.6990
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Table 11.
Variation of Reaction Temperature 
-3.21, (a) 67,2 ml. Ng
Run
No,
Temp,
0
Azide Sulph. 
Acid g.
Acetic 
Acid g.
Yield 
^ %2
n ^0.5
min.
(dx/dt 
ml./min.
22 25.05 0.6219 10.84 62.79 97.2 1.00 - 0.067
30 0.6216 10.73 62.97 - 1.18 — 0.064
56 0.6217 10.94 62.92 - 1.16 - 0.064
43 30.0 0,6217 10.94 62.92 96.0 1.06 872 0.129
45 0.6217 10.82 62.82 - 1.19 879 0.130
47 35.0 0.6217 10.93 62.95 102
1
I 1.11 201 0.237
48 0.6217 10.89 63.01 - I 1.11 205 0.241
49 40.05 0.6216 10.90 63.04 - 1.02 112 0.429
50 0.6215 10.88 63.01 - 1.03 110 0.430
51 45.15 0.6217 10.92 62.92 95.4 1.07 66.4 0.724
52 0.6217 10.86 62.89 - 1.41 56.3 1.00
53 0.6215 10.95 63.10
. . . .....
1.62 59.3 1.04
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Table 11 (Cont.)
Variation of Reaction Temperature•
Run
No.
k^xlO^ 
ml./min.
T
°Abs.
l/T
xlCp
logio(kiXlo'^)
22 10.0 298.05 3.356 - 1.0000
30 9.52 - 0.9786
56 9.52 - 0.9786
43 19.2 303.0 3.301 2.5705 1.2833
45 19.4 2.5786 1.2878
47 35.3 308.0 3.247 2.3032 1.5478
48 35.9 2.3118 1.5551
49 63.8 313.05 3.194 2.0492 1.8048
50 64.0 2.0414 1.8062
51 108 : 318.15 3.143 1.8222 2.0334
52 149 1.7505 2.1732
53 155 J 1.7731 2.1903
Results of
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Individual Runs
Run 1. Run 2. Run 3.
Azide g. 0.6306 0.6315 0.6083
ml. 5 4 6
AcOH ml. 30 30 30
T h’ stat 25.05 25.05 25.05
(Temp. )
Jacket 25.0 25.0 25.0
Bar. Pres. 769 759.4 769.5
Vap. Pres. 10,9 11.8 10.1
t V X t V X t V X
rain. ml. ml • min. ml. ml. min. ml. ml.
0 0 0 0 0 0 0 0 0
5 0.8 0. 7 4 0.6 0.5 5 0.8 2.2
10 1.7 1.6 10 1.4 1.3 10 4.7 4.3
20 3.4 3. 1 20 2.7 2.4 20 8.8 8.1
41 6 6 8 6.2 40 5.1 4.5 30 12.5 11.4
64 10.2 9.3 63 7.6 6.8 40 19.0 17.4
102 15.4 14. 1 95 10.9 9.7 62 22.4 20.5
176 23.8 21. 8 124 13.5 12.0 91 29.5 27.0
211 27.2 24. 9 173 17.4 15.5 121 35.4 32.4
241 30.0 27. 4 214 20.3 18.1 153 40.5 37.1
302 34.6 31. 6 246 22.3 19.8 184 44.1 40.3
363 39.0 35. 7 274 23.9 21.3 240 49,6 45.4
425 42.6 38. 9 300 25.3 22.5 330 55.2 50.5
482 43.4 39. 7 330 26.7 23.8 390 57.7 52.8
540 47.9 43. 8 362 28.3 25.2 450 59.5 54.4
23hr . 63.7 58.2 421 30.5 27,1 480 60.3 55.2
483 32.7 29.1 550 61.6 56.4
544 34.5 30.7 600 62,5 57.2
624 36 .5 32.5 660 63.3 57.9
1___
50hr 
-^----
. 60.6 53.9 75 hr , 68.1 62.3
-166-
Azlde g.
HgSO^ ml.
AcOH ml,
Th’stat 
(Temp.o)
Jacket
Bar. Pres.
Vap. Pres.
Run 4. Run 5 B Run 6.
0.6442 0.6334 0.6322
7 6 5
30 30 30
25.05 25.05 25.05
25.0 25.0 25.0
768.6 769.0 770.2
9.4 10.1 10.9
t V X t V X t V X
mln. ml. ml. min. ml. ml. min. ml. ml.
0 0 0 0 0 0 0 0 " o ~
5 4.4 4.0 6 3.2 2.9 3 1.0 0.9
10 8.9 8.1 13 6.2 5.7 10 2.6 2.4
20 16.4 15.0 23 10.0 9.2 40 ]0.4 9.6
30 22.6 20.7 30 12.2 11.2 60 14.8 13.6
40 27.8 25.4 40 15.5 14.2 92 21.0 19.2
60 36.0 32.9 62 21.0 19.2 215 38.2 35.0
93 46.0 42.1 91 27.1 24.8 335 48.0 43.9
150 55.8 51.1 160 39.4 36.1 366 50.3 46.0
211 61.4 56.2 240 46.6 42.6 480 55.8 51.1
241 62.7 57.4 296 50.9 46 .6 540 57.9 53.0
270 64.0 58.6 360 54.5 49.9 600 59.5 54.4
307 65.2 59.6 420 57.1 52.2 42 hr . 73.6 67.3
361 66.2 60.6 435 59.1 54.1
427 67.2 61.5 540 61.2 56.0
510 67.9 62.1 594 62.5 57.2
570 68.3 62.5 28hr . 68.2 62.4
36hr . 71.3 65.2
-167-
Azide g.
HgSO^ ml.
AcOH ml.
Th^ stat 
(Temp.O)
Jacket
Bar. Pres.
Vap. Pres.
Run 7, Run 8. Run 9.
0.6295 0.6411 (+0.5828g. 0.5736 g.
Phenanthridine;
7 7 24.85 g.
30 30 62.95 g*
25.05 25.05 25.05
25.0 25.0 25.0
747.3 777.3 775.0
9.4 9.4 9.7
t V X t V X t V X
mln. ml. ml. mln. ml. ml. min. ml. ml •
0 0 0 0 0 0 0 0 0
6 5.5 4.9 4 2.6 2.4 5 4.0 3.7
10 8.7 7.7 10 6.0 5.6 13 10.7 9.9
20 16.1 14.3 20 11.4 10.6 20 16.5 15.2
31 22.7 20.2 35 18.3 16.9 30 22.8 21.0
72 40.2 35.7 59 27.1 25.1 40 28.4 26.2
103 48.6 43.1 123 42.5 39.4 60 37.3 34.4
228 62.7 55.8 190 51.6 47.8 141 56.0 51.7
274 64.5 57.4 335 60.0 55.5 210 61.7 57.0
331 66.5 59.2 360 60.9 56.4 243 63.0 58.1
360 67.0 59.6 390 61.6 57.0 270 63.7 58.8
397 67.7 60.1 420 62.3 57.7 303 64.3 59.3
431 68.1 60,6 450 62.8 58.1 386 65.0 60.0
451 68.4 60.9 471 63.1 58.4 469 65.4 60.4
478 68.6 61.0 518 63.7 59.0 508 65.5 60.5
540 69.1 61.5 570 64.2 59.4 27hr . 67.0 61.8
600 69.5 61.8 614 64.3 59.5
24hr . 72.4 64.4 2 6hr . 68.4 63.3
-168-
Azide g.
AcOH g.
Th’ stat 
(Temp,
Jacket
Bar. Pres,
Vap. Pres.
Run 10. 
0.6462 
37.50 
94.83 
25.05
25.0
772.5
9.6
t
mln.
V X
ml. ml.
Run 11. 
0.6213 
18.16 
63.28 
25.05
25.0
755.7
10.9
t
rain
V 
ml.
X
ml.
t
min.
V X 
ml. ml.
0 0 0 0 0 0 300 43.6 39.1
5 4.9 4.5 5 1.2 1.1 330 46.0 41.3
10 9.0 8,3 10 2.4 2.2 346 47.2 42.4
21 16.8 15.6 20 4,8 4.3 390 50.1 45.0
33 24.3 22.5 32 7.5 6.7 420 51.8 46.5
40 28.0 25.9 41 9.4 8.4 451 53.4 48.0
54 34.5 31.9 50 11,3 10.2 481 54.8 49.2
64 38.4 35.6 60 13.3 12.0 516 56.5 50.7
80 51.7 47.9 81 16.8 15,1 541 57.5 51.6
103 56.0 51.9 97 19.8 17,8 570 58.6 52.6
144 57.7 53.4 120 23.4 21,0 24hr. 72.7 65.3
184 62.3 57.7 140 26.4 23.7
213 64.2 59.4 160 29.0 26.0
285 67.2 62.2 184 32.0 28.7
320 67.9 62.9 204 34.0 30.5
366 68.5 63.4 221 36.3 32.6
420 68.9 63,8 241 38.3 34.4
28hr. 69.4 64.3 264 40.6 36.5
-169-
Azide g.
g.
AcOH g.
Th' stat 
(Temp.°)
Jacket
Bar. Pres.
Vap. Pres.
Ran 12. 
0.6218 
18.17 
63.02 
25.05
25.0
756.9
10.9
Ran 15. 
0.622 
26.99 
63.37 
25.05
25.0
758.7
9.1
V a V V a
min. ml. ml, min. ml. ml. min. ml, ml.
0 0 0 422 57.3 51,5 0 0 0
5 1.3 1.2 450 58.5 52.6 5 5.5 5.0
10 2.6 2.3 481 59.5 53.5 11 11.2 10.1
23 6.0 5.4 510 60.4 54.3 24 22.1 20.0
42 11.1 10.0 542 61.3 55.1 30 26.6 24.1
60 15.2 13.7 35hr. 78.2 70.2 43 34.3 31,0
80 18.6 16.7 51 38.3 34.6
98 23.2 20.9 60 43.2 39,1
117 25.9 23.3 70 46.3 41.9
153 33.5 30.1 82 50.0 45.21
160 34.7 31.2 90 52.4 47.4
191 40.1 36.1 100 54,8 49.5
217 44.1 39.7 110 56.9 SI .+
290 49.7 44.7 120 58.8 5X.o\
314 51.4 46.2 130 60.4
330 52.4 47.1 138 61.5 5 5.6|
360 54.3 48.8 149 62.8
395 56.1 50.4 160 64.0 S7.S
-170-
Azlde g.
H2 SO4 g.
AcOH g,
Th’stat 
(Temp.°)
Jacket
Bar. Pres.
Vap. Pres.
Ran 14. 
0.6223 
26.88 
62.85
25.05
25.0
754.0
Ran 15. 
0.6218 
36.36 
63.28 
25.05
25.0
759.2
9.1 7.5
t V a t V a t V a
min. ml • ml. min. ml. ml. min. ml. ml.
0 0 0 0 0 0 18 45.8 41.5
1 0.5 0.5 1 1.5 1.4 19 47.2 42.8
2 2.0 1.8 2 6.1 5.5 20 48.3 43.8
3 3.4 3.1 3 10.3 9.3 21 49.4 44.8
4 4.3 3.9 4 14,2 12.9 22 50.5 45.8
5 5.5 4.9 5 17.8 16.1 24 52.4 47.5
10 11.0 9.9 6 20.0 18.1 25 53.3 48.3
22 21.3 19.1 7 24.0 21.7 27 54.8 49.6
31 27.9 25.1 8 26.9 24.4 28 55.6 50.3
40 33.6 30.2 9 29.5 26.7 29 56.2 50.8
50 38.6 34.7 10 31.8 28.8 30 56.8 51.4
64 44.5 39.9 11 34.2 31.0 35 59.6 53.9
72 47.5 42.7 12 36.1 32.7 40 61.7 55.8
80 49.9 44.8 13 38.0 34.4 I 50 64.6 58.5
93 53.2 47.8 15 41.4 37.5 61 65.8 59.6
100 54.8 49.2 16 43.1 39.0 91 68.4 62.0
26hr. 72.7 65.3! 17 43.5 39.4 20hr .75.4 68.3
-171-
Azide g,
HgSO^ g .
AcOH g,
Th' stat 
(Temp.°)
J acket
Bar. Près.
Vap. Près.
Run 16. 
0.6219 
36.38 
62.96 
25 .05
25.0
759.9
7.5
Run 17. 
0.6213 
^8.13 
61.27 
25.05
25.0
778.4
10.9
t
min.
V a 
ml. ml.
t
min.
V a 
ml. ml.
t
min
V a 
ml. ml.
0
1
2
3
6
7
8 
9
10
11
12
14
15
16 
17
0
1.6
6.7
11.1
15.1
18.8
22.3
25.5
28.6
31.4
33.5 
35.8
38.0 
41.7
43.4
45.0
46.5
0
1.5
6.1
10.0
13.7
17.0 
20.2
23.2
26.0
28.5
30.5
32.6 
34.5
37.8 
39.4
40.9
42.2
18
20
21
22
23
24
25
26
27
28
29
30 
35 
40 
54 
94
24hr.
47.7
50.0
51.1
52.1
53.2
54.1
55.0
55.7
56.4
57.2
57.8
58.4
60.9
62.9
66.0
68.5
75.6
42.3
45.4
46.4 
47.3
48.2
49.0 
49.9
50.5
51.1
51.8
52.3
52.9
55.1 
57.0
54.4 
iiX- I
68.6
0
5
10
20
30
40
55
60
72
90
114
120
141
160
187
207
0
1.5
3.0
5.7
8.4
10.8
14.2
15.4
18.2
21.3
24.6
26.6
30.3 
33.1
36.5 
38.7
0
1.4 
2.8 
5 .4 
7.9 
10.2
13.4
14.5
17.1 
20.0
24.1
25.0
28.0
30.6
33.8
35.8
-172-
Azlde g,
HgSO^ g.
AcOH g.
Th’ stat 
(Temp.O)
Jacket
Bar. Pres.
Vap. Pres.
Run 17 (cont.) Run IB. 
0.6218 
14.40 
63.16 
25.05
25.0
769.0
11.8
Run 19. 
0.6217 
14.46 
63.24 
25.05
25.0
764.0
11.8
t
min.
V a 
ml. ml,
t
min.
V a 
ml. ml.
t
min.
V a 
ml. ml,
226 40.9 37.8 0 0 0 0 0 0
241 42.5 39.3 5 0.6 0.6 5 1.0 0.9
270 45.1 41.7 10 1.2 1.1 10 2.0 1.8
325 49.2 45.5 20 2.4 2.2 22 4.1 3.7
369 52.4 48.5 43 5.7 5,2 30 5.1 4.6
401 54.0 50.0 64 8.6 7.9 60 9.8 8.9
436 55.7 51.6 91 12.1 11.1 80 12.5 11.3
476 57.4 53.1 121 15.7 14.3 100 15.5 14.1
24.hr 70.6 64.9 165 20.6 18.8 150 21.9 19.9
210 25.0 22.8 200 27.6 25.0
270 30.3 27.7 256 32.9 29.8
340 35.5 32.4 350 40.4 36.6
360 37.0 33.8 452 46.3 42.0
433 41.6 38.0 496 48.2 43.7
485 44.4 40.5 564 51.0 46.3
540 47.2 43.1 658 54.1 49.1
633 50.7 46.3 675 54.3 49.3
! 665 51.8 47.3 81hr. 71.4 64.8
60hr. 76.8 70.1
-173-
Run 20 • Run 21, Run 22.
Azide g. 0.7901 0.7898 0.6219
^2 ^ ^4 ^ • 21.66 21.72 10.84
AoOH g. 63.17 62.90 62.79
Th’stat 25.05 25.05 25,05
(Temp,°)
Jacket 25.0 25.0 25,0
Bar, Pres, 760.0 763.8 768,0
Vap, Pres. 9,9 9,9 12.7
t V a t V a t V a
min. ml. ml. min. ml, ml. min. ml • ml,
0 0 0 0 0 0 0 0 0
4 2.4 2.2 1 0.8 0.8 2 0,1 0.1
7 4.2 3.8 2 1.6 1.5 5 . 0.3 0.3
10 6.1 5.5 3 2.3 2.1 10 0.7 0.6
20 12,1 11,0 4 3.1 2,8 30 2,1 1,9
40 22.4 20.3 5 3.9 3.6 60 4.2 3.9
60 31.3 28.3 10 7.8 7,1 120 8.2 7.5
90 42.2 38.2 20 14.4 13.1 182 12.2 11.2
123 51.7 46.8 41 25,5 23,3 242 15,8 14,5
157 59.3 53.7 60 35.0 32.0 330 20.7 19,0
187 64.7 58.5 91 46 .4 42.4 360 22.2 20.4
225 70.5 63.5 114 53,0 48.4 420 24.9 22.9
240 72.1 65.2 156 62.5 57.1 540 30.5 28.0
272 75.3 68.1 182 66.7 60.9 606 33,3 30.6
300 77.7 70.1 242 73.9 67.5 661 35.3 32.4
332 80.3 72.7 270 76.4 69.7 720 37.9 34,8
367 82.1 74.3 307 78.8 71.9 75hr . 71.1 65.3
24hr , 93.7 84.8 350 81.2 74.1
!
25hr . 93.6 85,4
.
-174-
Azlde g.
^2 ^ ^4 ^ ' 
AcOK g,
Th’stat 
(Temp.°)
Jacket
Bar. Pres.
Vap. Pres.
Run 23. 
0.3542
21.72 
62.76
25.05
25.0
769.8
9.9
Run 24. 
0.6217
21.51 
62.98
25.05
25.0
762.6
9.9
Run 2 5 . 
0.3532 
21.70
63.97
25.05
25.0
764.4
9.9
t
mln.
V a 
ml, ml.
t V a  
min. ml, ml.
t V a
min. ml, ml.
0
1
2
6
10
20
30
60
93
126
151
166
201
270
301
28hr.
0
0.2
0.6
1.9
3.2
6.2 
9.4
15.9
21.6
25.8
28.5
29.7
31.9
34.7
35.5 
43.3
0
0.2
0.6
1.8
2.9
5.7
8.8
14.6
19.8
23.6 
26,1
27.2
29.2
31.8 
32.5
39.7
0 
4 
10 
20 
43 
68 
90 
121 
134 
180 
210 
241 . 
273 
300 
332 
380 
22hr,
0
2.0
5.0
9,9
19.6 
28,4
34.7
41.7
44.2
51.6
54.6
57.6
59.8
61.3
62.7 
64.6
72.3
0
1.8
4.5
9.0
17.8
25.8
31.5
37.8 
40.1
46.8
49.5
52.3
54.3
55.6
56.9
58.6
65.6
0
. 5 
10 
23 
42 
60 
90 
125 
150 
182 
213 
240 
270 
301 
392 
30hr.
0
0.9
2.4
5,7
10.1
13.6
18.6
23.1
25.6
28.1
30.6 
32.0 
33.3
34.7 
37.2 
43.9
0
0.8
2.2
5.3
9.3 
12,4 
16.9 
21.0
23.3
25.8
27.8 
29.1
30.3 
31,6
33.8
39.9
-175-
Run 26. Run 27. Run 28.
Azide g. 0.2510 0.2511 0.6219
g. 21,64 21.75 21.45
AcOH g. 63.25 63.30 63.05
Th’stat 25.05 25,05 25.05
(Ternp.O)
Jacket 25.0 25.0 25.0
Bar. Près. 769.6 769.6 751.8
Vap. Près, 9.9 9.9 9.9
t V a t V a t V a
min. ml, ml. min. ml. ml. min. ml. ml.
0 0 0 0 0 0 0 0 0
4 0,5 0.5 2 0.4 0.4 4 2.2 2.0
5 0.8 0.7 3 0.6 0.6 5 2.6 2.4
10 1.6 1,4 4 0,8 0.7 10 5.2 4.7
20 2.0 1,8 5 1.0 0.9 34 15.4 13.8
44 7.2 6.6 10 2.0 1.8 45 19.4 18.5
73 10.1 9.3 20 4,0 3.7 61 24.7 22.1
95 12.3 11.3 61 10.4 9.5 84 31.2 27.9
133 16.1 14,7 126 17.3 15.9 113 35.6 31.8
161 17.7 16,2 151 19.4 17.8 130 41.0 36.7
180 18.6 17.1 186 21.8 19.9 151 44.5 39.8
240 20.8 18.7 285 24.1 22.1 177 48.1 43.0
24hr . 27.7 25.4 28hr . 27.2 24.9 34hr . 74.5 66.6
-176-
Azide g,
Hg 8 0^  g,
AcOH g,
Th’stat 
(Temp.°)
Jacket
Bar. Pres,
Vap. Pres.
Run 29. 
0.4738 
21.68 
63,90
25.05
25,0
745.0
9.9
t
mln.
V
ml,
a
ml.
Run 30. 
0.6216
10.73
62,97
25.05
25.0
745.5
12.7
t
min.
V a 
ml. ml.
0 0 0 0 0 0
1 0,3 0.3 5 0.4 0.4
2 0.8 0.7 10 0.8 0.7
4 1.5 1.3 20 1.4 1.3
5 1.9 1.7 65 4,6 4.1
10 3.8 3.4 180 11.9 10.5
23 8.6 7.6 240 15.4 13.6
61 19.3 17.1 315 19.3 17.1
83 24.3 21.5 394 23.2 20.5
101 27.6 24.5 450 25.7 22.7
121 30.9 27.4 515 28,1 24.8
142 33.5 29.7 570 30.4 26,9
176 37.3 33.1 630 32.6 28.8
193 38.9 34.5 24hr. 57.0 51.3
20hr, 54.6 48.4
Run 35. 
0.2508
21.51
63.07
25.05
25.0
768.5
9,9
t
min.
V 
ml,
a
ml.
0 0 0
1 0,1 0.1
2 0.6 Ü .6
3 0.9 0.8
4 1,1 1.0
5 1.3 1.2
10 2.2 2.0
20 4.1 3.8
32 6.1 5.6
40 7.3 6.7
60 9.8 9.0
90 13.2 12.1
111 15.0 13.7
130 16.4 15.0
155 17.9 16.4
180 19.4 17.7
195 20.0 18.3
I9hr. 27.4 25.1
-177-
Azlde g.
g.
AcOH g.
Th'stat 
(Temp.°)
Jacket
Bar. Pres.
Vap. Pres.
Run 34. Run 35. Run 36.
0.4739 0.3532 0.6217
21.47 21.35 21.47
63.07 62.97 63.07
25.05 25.05 25.05
25.0 25.0 25.0
770.5 770.5 752.9
9.9 9.9 9.9
t V a t V a t V a
mln. ml, ml «  ^min. ml, ml. min. ml. ml.
0 0 0 0 0 0 0 0 0
1 0.4 0.4 1 0.1 0.1 1 0.5 0.5
2 0.8 0.7 2 0.6 0.6 2 1.2 1.1
3 1.2 1.1 4 1.2 1.1 3 1.9 1.7
4 1,6 1.5 5 1.5 1.4 5 3.0 2.7
5 1.9 1.7 10 3.0 2.7 10 5,9 5.3
10 3.7 3.4 20 5.9 5.4 20 11.1 9.8
22 7.8 7.2 40 10.8 9.9 30 16.1 14.4
41 13.4 12.3 60 15.0 13.8 40 20.5 18.4
61 18.5 17.0 80 18.5 17.0 66 30.1 27.0
80 22.5 20.6 101 21.8 20.0 92 37.5 33.6
100 26.2 24.0 146 26.8 24.6 100 39.3 35.2
120 29.4 26.9 162 28.2 25.8 132 45.7 41.1
169 35.3 32.3 180 29.6 27.1 160 49.9 44.7
217 39.2 35.9 201 30.4 27.9 180 52.3 46.8
48hr . 52.6 48.2 221 31.9 29.2 215 55.8 49.2
29hr . 39.4 36.1 28hr . 71.5 64.0
-178-
Azlde g,
HgSO^ g,
AcOH g,
Th'stat 
(Temp,°)
Jacket
Bar. Pres,
Vap, Pres.
Run 37 • Run 38 Run 39
0.6217 0.3532 0.6217
18.06 21.72 14.52
63.00 62.65 62.96
25.05 25.05 25.05
25.0 25.0 25,0
765.9 766.3 765.9
10,9 9.9 11.8
t V a t V a t V a
mln. ml. ml. mln. ml. ml. min. ml. ml.
0 0 0 0 0 0 0 0 0
1 0.3 0.3 3 0.9 0.8 5 0.8 0.7
2 0.6 0.6 4 1.3 1.2 10 1.6 1.4
3 0.9 0.8 5 1.5 1.3 20 3.1 2.8
4 1.2 1.1 10 3.0 2.7 30 4.5 4.1
5 1.5 1.3 30 7.9 7.2 40 5.9 5.4
10 3.0 2.7 40 10.2 9.3 80 11.2 10.2
20 5.6 5.2 61 14.2 13.0 120 15.9 14.5
32 8.7 7.9 80 17.4 15.9 180 22.3 20.3
60 15.3 13.9 101 20.1 18.3 241 27.6 25.1
94 21.8 19.0 144 24.9 22.7 300 32.6 29.6
120 26.6 24.3 160 26.4 24.1 360 36.9 33.6
151 31.2 27.1 182 28.0 25.5 412 40.0 36.4
203 37.9 33.0 190 29.4 26.8 480 43.8 39.8
250 42.6 37.0 16hr . 39.2 35.7 545 46.9 42.7
309 47.9 41.7 600 49.2 44.7
381 52.3 45.5 663 51.3 46.6
26hr . 69.7 63.4 33hr . 68.0 62.4
-179-
Azlde g.
H2 SO4. g.
AcOH g,
Th'stat 
(Temp,°)
Jacket
Bar. Pres,
Vap. Pres.
Run 40. 
0.6217
7.09 
63.10
25.05
25.0
770.6
13.7
Run 41. 
0.6217
7.07 
62.97
25.05
25.0
764.2
13.7
Run 42, 
0.4738 
21.60
62.88
25.05
25.0
763.7
9.9
t
min.
V a 
ml. ml,
t
min.
V a 
ml, ml.
t
min.
V a 
ml. ml.
0 0 0 0 0 0 0 0 0
5 0.1 0.1 5 0.1 0.1 3 1.1 1.0
10 0.3 0.3 23 0.5 0.5 4 1.6 1.4
30 0.8 0.7 45 1.2 1.1 5 2.0 1.8
70 2.0 1.8 60 1,7 1.6 10 4.2 3.8
120 3.7 3.4 150 4.5 4.1 20 8.1 7.3
210 6.0 5.5 180 5.5 5.0 30 11.8 10.7
240 6,6 6.0 240 7.4 6.8 50 18.2 16.5
300 8.1 7.4 310 9.2 8.4 80 25.9 23.5
360 9.7 8.9 360 10.7 9.8 100 29.5 26.8
441 11.5 10.5 550 15.6 14.3 120 33.5 30.4
489 12.7 11.6 28hr.. 35.0 32.1 148 37.5 34.1
551 14.1 12.9 160 39.0 35.5
597 15.1 13.8 180 41.0 37.3
24hr. 33.3 30.4 201
28hr.
42.8
53.4
38.9
48.5
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:
I
Run 43. Run 45, Run 46.
Azide g. 0.6217 0.6217 0.6217
H2 8 O4 g. 10.94 10.82 10.88
AcOH g. 62.92 62.82 62.82
Th' stat 30.0 30.0 35.0
(Temp,®)
Jacket 29.8 29.9 34.4
Bar. Pres. 764,0 761.5 758.5
Vap, Pres. 16.6 16.6 21,5 i
t V a t V a t V a
min. ml. ml. min, ml. ml. min. ml. ml.
0 0 0 0 0 0 0 0 0
5 0.5 0.5 5 0.8 0.7 1 0.3 0.3
10 1.3 1.2 10 1,6 1,4 2 0.6 0,5
20 2.7 2 .5 20 3.1 2.7 3 0.9 0.8
40 5.4 4.9 30 4.6 4.1 4 1.3 1.2
60 8.0 7.2 63 9.1 8.0 5 1.6 1.4
90 11.6 10.5 90 12.4 11.0 10 3.1 2.7
120 15.1 13.6 120 15.6 13.8 20 6,2 5.3
170 20,5 18.5 180 22.0 19.1 34 10.3 8.9
240 27.1 24.4 240 27.5 24.3 45 13.3 11,4 •|
300 31.1 28.0 300 32.5 28.7 120 30.5 26.3 j;
360 36.3 32.7 360 36.9 32.6 180 40.7 35,0
395 38.7 34.9 420 40.7 35.9 240 48.0 41.3
470 43,1 38.8 450 42.2 37.3 300 53.0 45.6J 28hr . 71.5 64.4 22hr . 65.0 58.0 46hr . 72.0 62,0
- 1 8 1 -
Azid© g.
HgSO^ g *
Ac OK g.
Th’stat 
(Temp.o)
Jacket
Bar. Pres.
Vap. Pres.
Run 47. 
0.6217 
10.93 
62.95
35.0
34.3
754.7
21.5
Run 48. 
0.6217 
10.83 
63.01
35.0
34.0
753.0
21.5
Run 49, 
0.6216 
10.90
63.04
40.05
38.85
763.4
28.3
t V a  
min. ml. ml.
t
min
V a 
ml. ml.
t
min.
V a 
ml. ml.
0
1
2
3
4
5 
10 
20 
30 
60 
82
121 
161 
200 
260 
300 
20hr.
0
0.3
0.6
0.9
1.2
1.5
2.7
5.1
7.9
14.8
19.6
26.8
33.6
39.2
46.3 
50.2
80.4
0
0.3
0.5
0.8
1.0
1.3
2.3
4.4 
6.8
12.7
16.8
23.0 
28.8
33.6
39.7
43.0 
68.9
0
1
2
3
10
22
30
52
72
91
120
151
204
220
241
270
300
0
0.3
0.6
0.9
2.7 
5.9
7.8
13.0
17.2
21.1
26.3
31.4
39.0
41.1 
43.6
46.8
49.8
0
0.3
0.5
0.8
2.3
5.2
6.7
11.1
14.7
18.1
22.5 
26.9 
33.3
35.2
37.3 
40.2
42.6
0
1
2
3
4
5 
10 
20 
30 
43 
51 
60 
84
100
120
140
167
180
200
0
0.5
1.1
1.6
2.1
2.6
4.9
9.4
13.7
19.1 
22.0
24.7
32.2
36.7 
41.6
45.9
50.9
53.1
56.1
0
0.4 
0.9 
1.4 
1.8 
2.2 
4.2 
8.0 
11.6 
16.2 • 
18.6
20.9 
27.3
31.1
35.2
38.9 
43.1 
45.0 
47.5
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Azlde g. 
g"
AcOH g.
Th’stat 
(Temp.°)
Jacket
Bar. Pres.
Vap. Pres.
Run 50. 
0.6215 
10.88
63.01
40.05
38.8
757.0
28.3
Run 51. 
0.6217
10.92
62.92
45.15
43.3
764.0
44.6
Run 52. 
0.6217 
10.86
62.89
45.15
43.2
768
44.6
t
min.
V a 
ml. ml.
t V a
min. ml. ml.
t
min.
V a 
ml. ml.
0 0 0 0 0 0 0 0 0
1 0.6 0.6 1 0.1 0.1 1 0.7 0.6
2 1.2 1.0 2 1.0 0.8 2 1.9 1.6
3 1.7 1.5 3 1.9 1.6 3 2.8 2.3
4 2o2 1.9 4 2.9 2.4 4 4.0 3.3
5 2.8 2.4 5 3.7 3.0 5 14.9 4.1
10 5.3 4.6 10 7.8 6.4 15 19.3 12.3
20 9.9 8.5 15 11.8 9^6 20 24.0 15.9
30 14.4 12.1 20 15.5 12.7 26 27.7 19.7
50 22.1 18.7 25 19.0 15.5 31 33.2 22.8
70 28.9 24.3 30 22,2 18.1 40 40.5 27.3
94 36.0 30.2 40 28.4 23.2 55 42.5 33.3
110 40.2 33.7 50 33.7 27.5 60 46.1 35.0
130 44.9 37.7 60 38.5 31.5 71 49.8 37.9
150 48.9 41.1 72 43.7 33.7 83 52.8 41.0
160 50.9 42.7 80 46.7 38.1 95 52.8 43.4
90 49.8 40.7 100 53.9 44.4
100 53.1 43.4
23hr. 78.5 64.1
-183-
Azide g.
HgSO^ g .
AcOH g.
Th' stat
(Temp.O) 
Jacket 
Bar. Pres, 
Vap, Pres,
Run 53. 
0,6215 
10,95 
63.10 
45.15
43.45
764.5
44,6
Run 54, 
0.7900 
21.69 
62.98 
25.05
25.0
760,0
9.9
t
min
V a 
ml. ml,
t
min.
V a 
ml. ml.
t
min.
V 
ml.
a
ml,
0 0 0 70 45.0 36,8 0 0 0
1 0.8 0,6 80 47.3 38.7 5 4.2 3,8
2 1.9 1,6 90 51,2 41.8 10 7,5 6.8
3 3.0 2,5 95 52.5 42.9 20 13.6 12.3
4 4.1 3.4 30 19,4 17.5
5 5,2 4,2 50 29.4 26.6
10 10,3 8.4 74 38.1 34.5
15 15.0 12.2 90 43,2 39.1
20 19.2 15.7 115 50.2 45.4
25 23,1 19,0 130 53.8 48.7
30 26.3 21.5 150 58,2 52.6
35 29,5 24,1 168 61.2 55,4
41 33,0 27,0 181 63.4 57.3
46 35,3 28.8 201 66,2 59.9
50 37.1 30,3 221 68.7 62.1
55 39.2 32,0 240 70.8 64.0
60 41,1 33.6 44hr. 93.9 85.0
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Azlde g,
g.
AcOH g.
Th'stat 
(Temp.°)
Jacket
Bar. Pres.
Vap. Pres.
Run 56. 
0.6217 
10.82
63.04
25.05
25,0
762.5
12.7
Run 57.
0.6211
36.34
63.30
25.05
25.0
762.1
7.5
t
min.
V a 
ml. ml.
t
min.
V a 
ml. ml.
t
min.
V a 
ml. ml.
0 0 0 0 0 0 20 47.5 43.2
3 0,1 0,1 1 1.4 1.3 24 51.4 46.8
4 0,2 0,2 2 5.9 5.4 28 54.5 49.6
5 0.2 0.2 3 10.1 9.2 32 56.9 51.8
10 0,5 0.5 n4 14.1 12,8 36 58.8 53.5
30 1,9 1.6 5 17.4 15.8 40 60.2 54.8
60 4.0 3.6 6 20.7 18.8 44 61.4 55.9
120 7.9 7.1 7 23.6 21.5 48 62.4 56.8
240 14 c 4 13.0 8 26.5 24,1 52 63,1 57.4
300 18.0 16.3 9 30.5 26.5 24hr ,73.6 67,0
360 21,0 19.0 10 31.5 28,7
420 23,6 21.3 12 35.7 32,5
498 27.0 24.4 14 39.3 35.8
614 31.4 28.4 16 42.4 38.6
26hr. 54.7 49.5 18 45.1 41,0
FART III
THE THERMAL DECOMPOSITION OP 9-AZIDOFLUORENE
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INTRODÜCTION 
The Thermal Decomposition of 9-Azldofluorene.
In Part II of the present thesis (p. 9") it was shown 
that there are two possible products from the decomposition of 
9-azido-fluorenes; the imine or the phenanthridine.
Nr NH
■7 or
9-Azidofluorene was found by Arcus and Mesley (28) 
to decompose, either on standing or on heating above its melt­
ing point, to give fluorenone imine. Decomposition in this 
case resulting not in ring expansion, but in migration of the 
hydrogen atom. Thermal decomposition of 9-azido-l:2-benzo- 
fluorene also followed this behaviour to give the ketimine (66).
Examples of the alternative mechanism are afforded 
by the thermal decomposition of 9-azido-9-otnaphthylfluorene 
(126) and 9-azido-9-phenylfluorene (29), which resulted in each 
case in the formation of the phenanthridine via ring expansion.
In the reactions quoted where R = H then preferential 
migration of the hydrogen atom took place, but where R = 
o(rnaphthyl or phenyl, with presumably a smaller migratory 
aptitude, then ring expansion occurs. Thus on heating a
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tertiary-9-azidofluorene one would expect to obtain the 
phenanthridine and with a secondary-compound the imine*
These results are related to those obtained by Boyer 
and Straw (127) for the thermal decomposition of another type 
of azide in the following reaction*
0 W
II i
O R »  O R »  R - C e C = N - R»»
II I II I
R — C — C — R — C — C — Rî ..^ or
I 200° 1
R" R" 0 R"
II I
R — C — C “ N — R »
for which they postulated an intermediate radical* The 
migration aptitudes of the groups were found to decrease in 
the order H : Ph : CH^* It was thought possible that a chain 
mechanism might exist for the hydrogen migration*
Object of the Present Work*
The present experiments were designed to ascertain 
whether the thermal decomposition of 9-azidofluorene did in 
fact proceed through a free radical mechanism. To this end 
the azide was heated in the presence of styrene and its effect 
on the polymerisation of the latter noted*
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DESCRIPTION OF THE WORK
9-Azidofluorene decomposed on heating above 100®. 
The decomposition of 9-azidofluorene by heating a solution in 
styrene was found to very markedly inhibit polymerisation.
The azide-styrene reaction was carried out with two hundred 
equivalents of styrene, and considerable inhibition of poly­
merisation took place at this, concentration. The azide was 
also found to be capable of retarding polymerisation in the 
presence of a peroxide initiator.
 —  The possible condensation between 9-azidofluorene
~"".d styrene to form a 1 : 2 ; 3 - dihydrotriazole was also 
invest igated.
Ph.GH=CHg + R-N-R=N
\  / %
■> f Ï
CH—— CH. 
/
or
Ph
R
Ph
I
CH-
N R
\ /
R
-CHg
\K
,R
Ph Ph
From the reaction between the azide, hydrogen per­
oxide, and styrene at 100° no triazole could be identified.
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DISCUSSIOR
The thermal decomposition of 9-azidofluorene is 
presumed to proceed through a free radical mechanism, the
intermediate being a diradical having two unpaired electrons*
:R-N=R N NH
I I
However, the experimental results show that the 9-azidofluorene 
when heated in the presence of styrene does not initiate poly­
merisation, and appears capable of scavenging free radicals 
present in solution. It is interesting to note that Russel 
(128) found that a rather different type of azide, triazobenzenq, 
which he stated formed a diradical on being heated in solution, 
also failed to initiate polymerisation.
Styrene and 9-azidofluorene possibly condense to 
give a triazole; but no experimental evidence for the form­
ation of a triazole under the conditions used could be found. 
Also, with the small concentration of azide used in the azide- 
styrene reaction it is difficult to see how triazole formation 
could be responsible for the retardation of polymerisation.
The experimental evidence is considered insufficient
—189^
to draw any conclusions as to the formation of free radicals 
in the thermal decomposition of 9-azidofluorene.
-1 9 0 -
EXPERIMENTAL
Thermal Decomposition of 9-Azldofluorene.
9-Azidofluorene contained in a wide-bore capillary 
tube, was heated in a block-type molting point apparatus.
The azide melted at 43-44° to a clear colourless liquid.
Between 97-100° some slight bubbling commenced, and became 
steady at 100-110°, The gas-evolution became more vigorous 
with rise in temperature and finally ceased at 180°, Over 
this period the liquid had darkened from colourless, through 
clear yellow, to a very dark green. At 200° the liquid had 
become fully opaque, there then being no observable change up 
to 3^0°.
Thermal Decomposition of 9-Azidofluorene in Styrene Solution•
A solution of 9-azidofluorene (0,05 g.; m,p. 43-44°) 
in styrene (5 g.; previously kept over calcium chloride and 
freshly distilled) was heated in an oil bath. Identical
styrene without azide was treated in a similar fashion.
The temperature of the bath was slowly raised, and 
any change in the solution noted. At 150° a difference in 
viscosity first became apparent, the blank having become 
slightly viscous with no change in the azide solution. The 
difference in viscosity increased up to 170°, at which temp­
erature boiling commenced. The colour the azide solution
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changed from light yellow to light orange during this heating, 
whilst the blank remained colourless.
The two solutions were left for twelve hours at 98°, 
after which time the blank had set to a colourless soft solid, 
whilst the azide was an orange-red viscous liquid.
Thermal Decomposition of a Styrene Solution of Fluorenyl Azide 
in the Presence of t-Butylhydroperoxide,
Tert-butylhydroperoxide (0.1 g,) was dissolved in 
styrene (5 g.), and the solution divided into two. 9-Azido- 
fluorene (2.1 g.) was added to one portion and the other was 
used as a blank. Both solutions were heated in a bath at 
100^.
After two hours there was a definite difference in 
■viscosity, which became more pronounced on standing at room 
temperature. After 24 hours the blank was a hard solid whilst 
the azide solution remained a viscous liquid. The colour of 
the azide solution changed from light yellow to orange and 
finally to dark red, whilst the blank remained colourless.
The red polymeric material from the azide experiment 
was triturated with anhydrous methanol (10 ml.), and the 
suspension filtered.
The methanolic filtrate was allowed to evaporate 
slowly over some weeks. No solid crystallised or remained
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In the residue of oil. The polymeric solid residue was 
ground and further extracted with methanol but no solid was 
obtained from the latter.
Attempted Condensation of 9-Azidofluorene with Styrene.
9-Azidofluorene (2,07 g.; m.p. 43-44°), styrene 
(1.04 g.), and a 30^ vf/w aqueous solution of hydrogen peroxide 
(1,13 g,), were warmed to 60°, and dioxan (2 ml.) added to 
obtain homogenity. The solution was boiled under reflux for 
three hours on a water-bath. On cooling, anhydrous methanol 
(10 ml.) was added.
The methanol was allowed to siowly evaporate until 
a red oil separated. The red oil could not be induced to 
solidity. On evaporation of the solvent separated from the 
oil, no solid residue was left.
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ADDERDUM TO THE EXPERIMENTAL SECTIONS
Melting-points.
All melting-points were determined on an electric­
ally heated block. Unless otherwise stated the values quoted 
in the text are corrected.
Mixed Melting-points.
Mixed melting-points were carried out on a 1:1 
mixture by v/eight of the substance under text and a standard. 
The mixtures were prepared by grinding the substances together 
in an agate pestle. The melting-points of these mixtures 
were compared with those of the standard pure material.
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